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Synop sis 


The thesis entitled “A Chiron Approach Towards Synthesis 
of Naturally Occurring Lactones via Ring Closing Metathesis and 
Development of Methodologies Under Solvent Free and Triphasic 
Conditions” is mainly divided into two parts, namely part A and part 
B. Part A deals with an approach towards the synthesis of naturally 
occurring lactones via ring closing metathesis and part B deals with the 
development of methodologies under solvent free and triphasic 
conditions. 

Part A is sub divided into 3 chapters. Chapter 1 is a 
comprehensive review on ring-closing metathesis (RCM), which has 
recently emerged as a powerful tool for the formation of a variety of 
ring systems. The application of RCM in organic synthesis and the 
recent developments in catalyst design are discussed in this chapter. 

In chapter 2, we have described the total synthesis of (-)- 
acaterin 1 and its diastereomer 2 using ring closing metathesis as a key 
step. We have also attempted the synthesis of (5)-fugomycin (5) by 
applying ring closing enyne metathesis. 

(-)- Acaterin 1, isolated from Pseodomonas sp. A92, is an 
inhibitor of Acyl CoA: Cholesterol Acyl Transferase (ACAT) and is 
expected to be effective for treatment of atherosclerosis and 
hypercholesterolemia. 
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The starting material chosen for the synthesis of acaterin was a 
Baylis-Hillman adduct 4 derived from caprylic aldehyde and methyl 
acrylate (Scheme 1). The adduct 4 was transformed to the diene ester 3 
in 3 steps. The five membered ring of (-)-acaterin was constructed 
using RCM strategy. 




Scheme 1. Retrosynthetic analysis of (-)-acaterin. 


(S)-Fugomycin 5 was isolated from Pseudomonas 
aureofaciens and was found to have remarkable antifungal activity. The 
starting material used for the synthesis of (5)-fugomycin 5 was 
commercially available and inexpensive D-mannitol. The mono 
protected diol 7 was synthesized from D-mannitol in 5 steps. But the 
attempt to convert the alcohol 7 to its corresponding propiolate ester 6 
under various reported esterification conditions failed. Further 



xvn 


investigation to synthesize the enyne (6) from other starting materials is 
currently under progress. 



D-Mannitol 





7 



Wittig 


P = Protecting group 


Scheme 2. Retrosynthetic analysis of ( 5 )-fugomycin 


Chapter 3 involves a formal synthesis of (+)-diplodialide A 8 
and the approach towards synthesis of macrolide core of Antimycin A3 
10 using ring closing metathesis strategy. 

Diplodialide A 8 was isolated from a Fungus Diplodia pinea 
and is a steroid hydroxylase inhibitor. The formal synthesis of (+)- 
diplodialide A 8 was achieved by using methyl acetoacetate as a 
starting material and we have used RCM strategy for the constmction 
of the macrocyclic P-keto lactone ring 9 (Scheme 3 ). Since the 
synthesis of diplodialide A 8 from the p-keto lactone 9 is known in the 
literature, we have achieved the formal sjmthesis of (+)-diplodialide A 
8 . 
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X = SorO 


Scheme 3. Retrosynthetic analysis of (+)-diplodialide A. 

In chapter 3, we have also described a shortest approach 
towards to the synthesis of the macrolide core of antimycin A3. 
Antimycin A 3 10 is an antibiotic and antifungal agent isolated from 
streptomyces species and is a nine membered dilactone. 



The Retrosynthetic analysis of the macrolide core of antimycin 
A 3 is given in Scheme 4. We used L-threonine 15 as a starting material 
for the synthesis of antimycin A3. The macrocyclization of 14 was 
performed using RCM strategy. In the macrocyclization step we got the 
cyclized product as a 1:1 mixture of cis and trans isomers (13). Only 
the cis isomer can be converted to the natural antimycin A3. Further 
investigation to improve Z/E ratio is currently under progress. 
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Scheme 4. Retros5mthetic analysis of Antimycin A3. 


Part B is sub divided into 2 chapters. Chapter 1 deals with 
solvent free reactions. During the synthesis of (-)-diplodialide we 
observed that Cu(OTf)2 efficiently catalysed the conversion of a ketone 
intermediate to its corresponding thio ketal. This result prompted us to 
investigate the thoacetalization reaction in detail. Since solvent j&ee 
reactions have many advantages over solution phase chemisby, we 
explored this methodology under solvent free conditions using 
Cu(OTf)2 adsorbed on silica gel as a catalyst. 


R 


c 


Cu(0Tf)2-Si02 




HSCH2CH2SH R'' S' 

We further studied the solvent free aziridine ring opening 
reaction with aromatic amines. In this case, we found that die ring 
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opening proceeded smoothly under solvent free conditions even in the 
absence of Cu(OTf )2 • A variety of non-activated aziridines were 
opened with different aromatic amines. Aliphatic amines failed to open 
aziridines under these conditions. 



Chapter 2 deals with epoxidation of a,p-enones under triphase 
catalysed conditions. We have prepared two polymer anchored 
quaternary ammonium salts 16 and 17 by heating Merrifield resin with 
DABCO and TMEDA respectively. Catalyst 16 was found to be more 
efficient than the catalyst 17 in the epoxidation of chalcone. 



A variety of a,P-enones were transformed to the corresponding 
epoxides with 10 mol% of catalyst 16 using 30% aq H 2 O 2 and LiOH. 
We have also attempted the asymmetric version of this epoxidation 

reaction by using polymer anchored cinchona alkaloid based phase 
transfer catalysts. 
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This thesis is divided into two parts; Part A and Part B. 

Part A deals with “an approach towards synthesis of naturally 
occurring lactones via ring closing metathesis”. Part A is sub-divided 
into three chapters. 

Chapter 1 : General introduction on ring closing metathesis (RCM). 
Chapter 2: An approach towards synthesis of (-)-acaterin and (S)- 
fligomycin using RCM. 

Chapter 3: A RCM based approach towards synthesis of (+)- 
diplodialide A and antimycin A 3 . 

Part B deals with “development of methodologies under solvent free 
and triphasic conditions. Part B is sub-divided into two chapters. 
Chapter 1 ; Thioacetalization of carbonyl compotmds and aziridine ring 
opening with aromatic amines under solvent free conditions. 

Chapter 2: Triphase catalysis in qpoxidation of a,p-enones using 
polymer anchored quaternary ammonium salts. 
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Chapter 1 

General introduction on Ring Closing Metathesis 

1.1. Introduction: 

Olefin metathesis’ is one of the most fascinating reactions in 
which two olefins undergo bond reorganization leading to the 
redistribution of alkylidine moieties (Scheme 1.1). In other words, the 
metathesis constitutes a catalytic method for both cleaving and forming 
C-C double bonds. 



Scheme 1.1 


Fundamental studies towards the understanding of this reaction 
were performed by Calderon and coworkers. They coined the term 
“olefin metathesis” in 1967, after they recognized that both ring- 
opening polymerization and the disproportionation of acyclic olefins 
were the same.^ By investigating the conversion of labeled olefins, it 
was demonstrated that an exchange of alkylidine groups occurs during 
metathesis. At first it was assumed that the alkylidine rearrangement 
proceeds through a bis(alkylidine)metal intermediate in which both 
olefin ligands are coordinated to the metal atom.^ Later Chauvin et al. 
recognized that the reaction proceeds via a metallo-cyclobutane 
intermediate (Scheme 1.2).“* According to these ideas, olefin metathesis 
proceeds by a [2+2] cycloaddition between a C-C double bond and a 
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metal carbene complex followed by cycloreversion. In this process the 
fundamental steps are frequently reversible and the reaction is under 
thermodynamic control. The double bond formation generally does not 
proceed under stereocontrol and EFL mixture of olefins results as 
metathesis products. 



Scheme 1.2 


The number of applications of this reaction has dramatically 
increased in the past few years. Of particular significance, metathesis 
utilizes no additional reagents beyond a catalytic amount of metal 
carbene and the only other product from the reaction is, in most cases, a 
volatile olefin such as ethylene. A number of reviews have been 
published in this area, all of which focus on the ever-increasing uses of 
olefin metathesis in organic synthesis and polymer chemistry.^ 

Olefin metathesis can be utilized in three closely related types 
of reactions namely, 

a) Ring Opening Metathesis Polymerization (ROMP), 

b) Ring Closing Metathesis (RCM) and 

c) Cross Metathesis (CM). 

1.1.1 Ring Opening Metathesis Polymerization (ROMP): 

Until recently, olefin metathesis was applied almost exclusively 
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in ring opening metathesis polymerization reactions (ROMP).^ A 
schematical representation of ROMP is given in Scheme 1.3. The 
metathetic opening of strained cyclic olefins to give open chain metal 
carbene complexes provides the basis of ROMP. The polymerization is 
induced by the conversion of an intermediate metal-carbene species 
with another molecule of the cycloolefin. 



Scheme 1.3 

1.1.2 Ring Closing Metathesis (RCM): 

Since olefin metathesis is a reversible reaction, it is necessary 
to shift this equilibrium in one direction in order to make metathesis 
productive in preparative terms. One of the major ways to do this is 
Ring Closing Metathesis (RCM), which involves cyclization of a,ci>- 
diolefins to cyclic olefins in the presence of metal carbenes (Scheme 
1 .4). In this particular case, the forward process is entropically driven 
because RCM cuts one substrate molecule into two products. If one of 
them is volatile (ethylene, propene etc.) the desired cycloalkene will 
accumulate in the reaction mixture. Although the first example was 
reported in 1980 by Tsuji,’ catalytic ring closing metathesis (RCM''* 
has only recently emerged as an effective strategy in organic synthesis 
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o 

o 

H2(y XHj 

— N — / : 



1.1.3 Cross Metathesis (CM): 

Cross metathesis*‘’‘betw^een two acyclic olefins offer interesting 
possibilities for synthesizing higher-substituted alkenes. The use of 
highly substituted asymmetric olefins is not practical because of the 
expected complex spectrum of products. Use of terminal olefins results 
in the formation of volatile ethylene as a by-product, which provides 
the driving force for the reaction. This reaction (CM) is generally not 
stereoselective (Scheme 1.5)i ' 



Scheme 1.5 
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1.2 Catalysts: 

1.2.1 Background: 

From the mid-1950s to the early 1980s, all olefin metathesis 
was accomplished with poorly defined, multicomponent homogeneous 
and heterogeneous catalyst systems. These systems consisted of 
transition metal salts combined with main group alkylating agents or 
deposited on solid supports. Some of the classic combinations include 
WCle/Bu^Sn, WOClVEtAlCb, Mo 03 /Si 02 and Re 207 /Al 203 , among 
many others.® The utility of these catalysts, however, was limited by the 
harsh conditions and strong Lewis acids that they required and that 
made them incompatible with most functional groups. After Chauvin 
proposed that the metathesis proceeds via metallo-carbene and metallo- 
cyclobutane complexes, subsequent efforts have been made in the 
development of new catalysts during the late 1970s and early 1980s. 
These new catalysts included (CO) 5 W=CPh 2 ,’® bis(cyclopentadienyl) 
titanocyclobutanes,^ tris(aiyloxide)tantalacyclobutanes,'’ and various 
dihaloalkoxide-alkylidine complexes of tungsten.’^ 

The molybdenum and tungsten alkylidenes of the genaral 
formula (NAr)(OR’) 2 M=CHR (Figure 1.1) were the first of these 
catalysts to become widely used, particularly the molybdenum complex 
la.'^ 



Figure 1.1 

The most impressive feature of la is its high activity, which 
allows it to react witfj ix>th teitninal and intami olefins and to 
polymerize low-strain monomers, as well as to ring-close sterically 
demanding and el«;tmn poor substrates,'^ For example, complex la 
was used in the synthesis of dactylol 3, a terpene natural product.'^ The 
diene 2 on exposure to la provided the target natural product 3 in 92% 
yield, after desilylation of the crude product (Scheme 1 .6). 

V 

2 TBAF 


92% 

Scheme 1.6 

The most comprehensive studies on oxacycle formation using 
catalyst la were done by Grubbs,'** whose group has made 5-, 6- and 7 
membered rings in g<Hid to excellent yields (eg., 4-6, Scheme 1 .7). 
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la (1 mol%) 
95% 





Scheme 1.7 

The fonnation of nitrogen containing rings by RCM has 
attracted considerable attention, not least because of their prevalence in 
naturally occurring systems. The initial work was carried out by Gmbbs 
group with over 30 different azacycles reported to have been made 
using molybdenum catalyst la. The original study demonstrated the 
tolerance of the catalyst for tertiary amides 8a, tertiary amines 8b and 
secondary amines 8c (Scheme 1.8).’’ 

R 

M 8a R = C(0)CF3. 83% 
1a(10mol%) ^ 

7 


R 

I 

.N, 


Q 8bR=CH2Ph. 
8c R = H, 82% 


92% 


Scheme 1.8 

In an interesting development, Blechert has shown how steric 
effects can be harnessed to make the catalyst diastereoselective, albeit 
in a rather specialized systems.’® He used the substitution pattern of the 
substrate to ensure that the catalyst first reacts with a terminal alkene. 
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and then selects, in a diastereoselective fashion, between two 
disubstituted alkenes to close the ring in amide 10 (Scheme 1.9). 



However, the catalyst la and others based on early transition 
metals are limited by the high oxophilicity of the metal centres, which 
renders them extremely sensitive to oxygen and moisture. As an 
example, the synthesis and handling of la requires an inert atmosphere 
and rigorously purified, dried and degassed solvents and reagents.'® It is 
noteworthy that the corresponding tungsten catalyst lb, although active 
and widely used for polymerization, has only rarely reported to cany 
out ring closure. 

1.2.2 Functional Group Tolerance: Why Ruthenium^ 

The disclosure of Gmbbs that mthenium carbene complexes of 
general type 11 (Figure 1.2) are highly active catalysts for all types of 
alkene metathesis reactions denoted a real breakthrough and has 
triggered an avalanche of interest in this transformation.^® Although 
their activity is usually lower than that of Schrock’s catalyst la, the 
spectacular tolerance of these late transition metal complexes towards 
an array of functional groups and the ease of handling caused by a 
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reasonable stability against oxygen, water and minor impurities in the 
solvents render them exceedingly practical tools and explain their 
unrivaled popularity in the organic and polymer chemist communities.* 



Figure 1.2 

The ruthenium carbene 11a is significantly easier to make and 
handle than complex la. This robust catalyst is air-stable as a solid and 
retains its activity even when exposed to water, alcohols or acids. 
Gmbbs reported the synthesis of a few 5- and 6-membered carbocycles 
having not only pendant silyl ether, but also alcohol (13a), aldehyde 
(13b) and carboxylic acid (13e) functional groups which are totally 
incompatible with the molybdenum catalyst la (Scheme 1.10).^°® 

R 



a R 13a. R = CH/3H. 88% 
13b, R = CHO, 82% 
13c. R = COOH, 87% 


Scheme 1.10 

Maier et al. showed that mthenium catalyst 11a was superior to 
die molybdenum catalyst la for making cycloheptane 14 having a 
trisubstituted double bond, although the yield of the product 14 was not 
good (Scheme 1.1 1).^‘ 
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Scheme 1.11 

Several larger rings have been synthesized, using catalyst 11a, 
as part of hi- and polycyclic systems. Ftirstner et ah, during their 
synthesis of lasiodiplodin, used RCM to construct 12-membered 
lactone 15 in excellent yield (Scheme 1.12).“ The E/Z selectivity was 
poor, but this was imimportant since the double bond was subsequently 
removed by catalytic hydrogenation. 



11a (6 mol%)^ 

MeO 

E:Z 2.3:1 

Scheme 1.12 

The main drawback of the ruthenium catalyst 11a is that enol 
ethers are not cyclized by this catalyst, but undergo slow dimerization 
instead.^ Also catalyst 11a is incompatible with free amines'^ and 
sulfides^'' present in the substrate. This may be due to coordination of 
the substrate onto the mthenium center. In case of amines, this problem 
can be solved by protecting the amine as a carbamate, or more simply 
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by protonating the amine: for example, ammonium salts such as 16 are 
suitable substrates for catalyst 11a (Scheme 1.13).^ 



1. 11a (4 tnol%)^ 
2. NaOH ' 


Bn 

I 



79% 


Scheme 1.13 


Since, the organic precursor for catalyst 11a is diphenyl 
cyclopropane, which is veiy difficult to synthesize, the application of 
this catalyst is limited. The ruthenium carbene 11b is the modification 
of 11a and has been prepared in a straight forward fashion from readily 
available phenyl diazo methane.^^ Also, 11b was proved to be more 
active catalyst than lla.^^* Like 11a, the catalyst 11b is air-stable and 
retains its activity even when exposed to water, alcohols or acids. These 
characteristics make catalyst 11b ideal for a wide range of synthetic 
organic applications. For example, the successful and high yielding 
synthesis of cyclopentenol 18 via the intermediate 17 demonstrates the 
compatibility of the catalyst 11b with free alcohols as well as with 
carbonyl groups in the substrate, and also the suitability of this catalyst 
for making optically active compounds (Scheme 1.14). 



Scheme 1.14 
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Grubbs and co-workers have demonstrated the potential of 
benzylidine complex 11b for the sequential opening of one unsaturated 
ring and closure of two more within the same molecule. This tandem 
ring opening-ring closing process was expected to be assisted by 
starting from a small, strained cycloalkene, but in fact the original ring 
may be any size from four- to eight-membered (Scheme 1.15).^’ 



n = 0-4, 57-90% 

Scheme 1.15 


The catalyst 11b was applied to the synthesis of many medium 
and large ring compounds. Twelve-membered (e.g., 19, Scheme 1.16)^ 
and sixteen-membered rings have been successfully synthesized by 
using 11b. The groups of Danishefsky^® and Nicolaou^® utilized the 
ruthenium carbene 11b, in their approaches to the synthesis of 
epothilone group of natural products (Scheme 1.16). The successful 
formation of these lactones demonstrates the compatibility of 
ruthenium benzylidine 11b with epoxides (e.g., 20) and free alcohols 
(e.g., 21) as well as with various silyl ethers in the substrate. It was also 
demonstrated that the metal carbene 11b will metathesise terminal 
alkenes while leaving intact internal di- or tri- substituted alkenes {e.g., 
20, 21) elsewhere in the molecule. 
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1.2.3 Mechanistic Studies: 


Grubbs and co-workers have proposed a mechanism of 
ruthenium carbene catalyzed RCM, based on extensive kinetic 
studies.^* As illustrated in Scheme 1.17 the first step involves olefin 
coordination to the metal center, presumably cis to the alkylidine. The 
phosphine dissociation and the alkylidine rotation occur in order to 
generate the 16-electron intermediate 23, in which the olefin remains 
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cis to the alkylidine. This intermediate then undergoes metallo- 
cyclobutane 24 formation cis to the bound phosphine, followed by 
cleavage to release the metathesis products. 


Cl. 


PCya 


R 


ci\''Ru=\ — 

Pcy, 


CyaP 

I.-'PI 

Cl— Ru-=S 


CyaP 

-PCya I.n'P' 

1 - -.--x , Cl-Ru=\ 

f "^PCya +PCy3 ^ 

22 23 


Products 


CH2=CHR 


CyaP 

l^ci„Ph 
Cl— Rii— I- 
□ 


24 


Scheme 1.17 

The catalytic activity of metathesis reaction increases with 
larger and more electron-donating phosphines and decreases with larger 
and more electron donating halides. The main contribution of 
phosphine ligands is a- donation to the metal center, which promotes 
formation of mono-(phosphine) olefin complex by facilitating 
phosphine dissociation and stabilizing the vacant trans site in 23.^^ 
Perhaps even more importantly, helps stabilize the 14-electron metallo- 
cyclobutane intermediate 24. 

1.2.4 Recent Developments in Catalyst Design'. 

As we discussed earlier, (PCy 3 ) 2 Cl 2 Ru=CHPh (11b) forms a 
highly active mono(phosphine) intermediate during the catalytic cycle. 
As a design motif, this intermediate became a starting point for the 
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development of improved catalysts. The two important factors involved 
in the catalytic activity of ruthenium cafbene are as follows. First, for 
olefin metathesis to begin, at least one of the ancillary ligands must be 
labile enough for catalyst activation. Second, because decomposition of 
lib is known to be second order and inversely proportional to 
phosphine concentration, it is generally important to maintain a low 
concentration of mono (phosphine) species. Herrmann and co-workers 
have found that AT-heterocyclic ruthenium caibene 25 (Figure 1.3) 
showed little improvement in activity compared to llb.^^ But it is well 
known that, compared to phosphines, iV-heterocyclic carbene ligands 
are stronger a- donors and much less labile.^ As a result, the N- 
heterocyclic carbenes in 25 are not able to readily dissociate. So a 
mixed ligand complex could overcome this problem in two ways. 
Initially, the more strongly electron-donating carbene ligand might 
enhance the dissociation of the more labile trans phosphine from the 
metal center. Then, by virtue of its steric bulk and the electron donating 
properties, die same ligand should more effectively stabilize the 
electron-deficient intermediates and promote olefin metathesis. 

f=\ 


Cy— N N-Cy 

f=\ 

r\ 


Mes — N ,N—Mes 

Mes— N N— 1 

O' 

.Ru-=\ 

Xc, 

^Ru-=>. 

Cy— N N-Cy 

1 ^Ph 

Cl"^ 1 

W 

PCya 
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Figure 13 
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After exploring a variety of ligand derivatives, Grubbs ati<l eo- 
workers found that a mesityl-substituted A-heterocyclic caxbene worked 
well. They showed that 26^* and 27^*^ showed better activity thm ZS. 
Both 26 and 27 are able to perform RCM of sterically demanding 
dienes to form tri- and tetra-substituted olefins (e.g., 28, Sdientie 
1.18).^^ In addition, catalyst 27 produced the first example of CM to 
yield a trisubstituted olefin (e.g., 29, Scheme 1.18).^^ 



Scheme 1.18 

Moreover, the catalyst 27 is highly efficient for the ring closmie 
of enol ethers'*^ (e.g., 30, Scheme 1.19) and silyl enol ethers^\eg.,3il, 
Scheme 1.19), which are generally problematic substrates for tie 
catalysts 11a and 11b. Until now, it had seemed that functional group 
tolerance was gained at the expiense of activity. The '’’’nextg-eneraiiom'' 
catalysts 26 and 27, however, rival the activity of early metal catalysts 
such as 1 and retain the functional group tolerance of 11b. Oth.er 
rathenium-based catalysts (32-35) that are used for olefin metathesis 
are listed in Figure 1 .4. 
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Scheme 1.19 




\=J 


Henmann et at 



Furstner etal^ 



Verpoort et al'*^ 


Figure 1.4 
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1.2.5 Solvents and reaction conditions: 

The common solvents that used for RCM include CH 2 CI 2 , 
benzene and toluene. Generally RCM reaction can be performed either 
at room temperature or at reflux temperature depending upon nature of 
the substrate. Since intermolecular dimer formation always competes 
with the intramolecular RCM, it is better to perform the RCM reaction 
under high dilution conditions. 

1.2.6 Purification of the reaction mixtures: 

The products result from RCM may, however, still contain 
traces of metal salts derived fix)m the catalyst. Gmbbs has recently 
developed an improved work-up procedure which involves the addition 
of excess tris(hydroxy methyl)phosphine to the crude mixture.^ This 
ligand forms a water soluble complex and subsequently removed by 
simple aqueous work up. Other methods for the removal of ruthenimn 
impurity include the treatment of crude product with Pb(OAc) 4 ,^^ 
PhsPO or OMSO.**^ Another innovative possibility of removing the 
mthenium impurity was explored by Barrett and co-workers who 
anchored the mthenium catalyst on to a insoluble polymer support 
(Scheme 1.20).'*’ The carbene substituent of the immobilized 
precatalyst 36 is cleaved off during the first turn of the catalytic cycle 
and file mthenium template is, thereby, released from the polymer and 
acts as a homogeneous catalyst; it is, however recaptured by the resin 
once the substrate in the solution has been consumed. The authors have 
coined the expression “boomerang catalyst' which nicely describes the 
overall behavior. 
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Scheme 1.20 

1.3 Selected Application to Natural Product Synthesis; 

As a result of the pronounced tolerance to many different 
functional groups, metal carbene catalyzed RCM has increasingly been 
used in the area of natural product S 5 mthesis. Since the applications of 
RCM in natural product synthesis have been reviewed in many review 
articles* until the year 2001, we wish to discuss here the very recent 
literature of RCM to the synthesis of natural products. 

1.3. 1 Small and medium rings formation: 

Many biologically important natural products, consisting of 
small and medium rings, have been synthesized by utilizing RCM as 
the key step. Very recently, Hansen reported a facile synthesis of (-)- 
argentilactone 39, an antileishmanial agent, starting from the 
commercially available (5)-glycidol, that utilizes a RCM reaction as the 
key step (Scheme 1.21).'^* The diene ester 37 derived from (5)-glycidol 
on cyclization with catalyst 11b provided the unsaturated 6-lactone 38 
in 75% yield, which could be transformed to (-)-argentilactone 39 in 
just 2 steps. 




39 

Scheme 1.21 


Pericas et al, have reported a RCM based approach to the 
enantioselective synthesis of baikiain 42 using readily available 
enantiopure 2,3-epoxy-5-hexen-l-ol 40 as the starting material.''* The 
regio- and stereoselective ring opening of the epoxide ring by allyl 
amine followed by iV-protection with BoczO afforded the diene 
intermediate 41 which was subjected to RCM. The product, thus, 

obtained as a result of RCM was converted in to baikiain 42 by known 
simple steps (Scheme 1.22). 



Scheme 1.22 

Recently, a concise synthesis of (-)Koniine 48a and (-)- 
pipecoline 48b nsing a RCM sttategy has been reported” The 
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synthesis of 48a and 48b has been achieved starting from imines 43a 
and 43b which were, in turn, derived from butanal and acetaldehyde 
respectively using (J?)-a-methyl benzylamine as a chiral auxiliary 
(Scheme L23). The diene 45 was obtained from 43 by C-allylation 
followwl by A^-allylation. The ring closure of 45 using 11b gave the 
carbocycles in which the desired isomers 47a and 47b were obtained 
as major products. The ca3rt>ocycl^ 47a and 47b, on reduction with 
Ha/Pd gave tihc alkaloids {-)-coniine 48a and (-)-pipecoline 48b 
respectively. This synth^is ctoly shows that the catalyst lib is highly 
efficient for RCM even in the presence of free amines. 






47aR«'’pr.64% 48 bR = Me 

47b R « Me, ^ 


Scheme 1.23 

RCM has been successfully applied to the S 3 Tithesis of many 
medium sia: natural products. For example, octalactin A 53, an eight 
membered naturally occurring anticwicer agent, has been synthesized 
from a readily available and (S)- 3-hydroxy-2-methyl propionates. 



26 


Part A: Chapter 1 


OH 



The alcohol 49 and the acid 50 were derived from (i?)- and (iS)-3- 
hydroxy-2-methyl propionates respectively. The condensation reaction 
between 49 and 50 in the presence of DCC provided the diene ester 51, 
which was subsequently cyclized in the presence of ruthenium carbene 
11b to give the unsaturated lactone 52 (Scheme 1.24). The lactone 52 
was converted in to octalactin A in a series of steps. 

Figure 1.5 shows a list of some of the natural products that 
have been synthesized by using RCM as the main step. In all these 
stmctures in Figure 1.5, the bond formed as a result of RCM is 
represented in dark lines. 
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Figure 1.5 

1.3.2 Macrocycles formation: 

One of the major considerations for ROM in the synthesis of 
large ring systems is the conformational predisposition of starting 
material for favorable intramolecular cyclization. The rate of ring 
closure decreases due to ring size and conformational effects, and the 
competing reactions, like olegomerization etc., interfere the desired 
reaction (Scheme 1.25). The rate of olegomerization can be decreased 
by lowering the concentration of the diene or using slow addition of the 
substrate. Higher temperatures also favor ring closure. However, both 
of these factors, low concentration and high temperature, which favor 
closure, also allow the catalyst to decompose. As a result, closure of 
larger rings usually requires higher catalyst loading. 



Scheme 1.25 


Recently, Hagiwara reported the first synthesis of (/?)-(+)- 
muscopyridine 58, a 13-membered natural perfumery agent, using 
RCM as a key step (Scheme 1.26)/^ The keto-alkene 54 was readily 
prepared fi-om (R)-(+)-citronellal. Michael addition of the p-keto ester 
55 to the vinyl ketone 54 under PTC conditions afforded the p-keto 
ester 56, which was subsequently subjected to decarboxylation to give 
1,5-dicarbonyl product 57. Cyclization of 57 was achieved by using 



90%, ds.'trans 1:3 

Scheme 1.26 


Orubbs caibene lib under reflux conditions in CHrClj to provide the 
desired IS-membered diketone 58 as a 3:1 mixtnte of isomeis in 90% 



^ 

yield. The major isomer was idenrifi^ as £ ftom ‘H NMR signals. The 

diketone 58 was then transformed tn rn\ 

yA)- muscop 3 Tidine 59 through a 

series of steps. 



60 CuCl(COD), THF, 75% 



acryloyl chloride 
EtsN. CH2CI2 



64 

Scheme 1.27 


Fiirstner and co-workers j 

reported a shortest route to the 

synthesis of (-)-pyrenophorin 64, a i 1 

to-membered antifungal agent, by 

RCM using “second generation” rutti«„- , , ct 

ruthenium catalyst (Scheme 1.27).” 

They used enantiomerically pure ro\ 

v^l-propenodide 60 as a starting 

material. Reaction of 60 with but-t a. 1 

^■enylmagnesium bromide in the 

presence of a catalytic amount of Cnri/'z-./^T^N a .. 

^ ^ '-UCI(COD) delivered an alcohol 61 


in good yield which was esterifip.ri , , , 

^ ^ with aciyloyl chloride under 

standard conditions to give ester 62 c, • ■ . , 

ouipnsingly, however, the diene 


62 on treatment with Ru 


Complex 27 underwent smooth 


cycloolegomerizatioa ro yield the cyou^ 
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on oxidation with CrOs gave the natural product (-)-pyrenophorin 64 in 
54% yield. Although the yield of the macrocyclization stq) •was low, 
the overall yield obtained over the entire sequence (12%) compares 
well with the previous syntheses of this particular macrolide (Scheme 
1.27). 

Furstner’s approach^* to herbarumin I 70, a potent phyto- 
pathogenic macrolide, involves a stereo-selective construction of a 10- 
membered ring using mthenium indenylidine complex 68^® as a RCM 
catalyst (Scheme 1.28). A readily available D-ribonolactone acetonide 
derivative 65 was used as a starting material in their ai^ioach. 
Subsequent transformation of 65 into 66 was achieved in 5 steps. The 
compound 66 on treatment with hex-5-enoic acid gave the RCM 
substrate 67 in good yield. The macrocyclization step was very cmcial 
in this particular case because, as in herbarumin I, the product obtained 
as a result of RCM should have E configuration in its macrolide 
skeleton. 

It is known in the literature that the stereoselectivity in RCM 
can be influenced by the nature of the protecting group adjacent to the 
double bond.®® The isopropylidine acetal of compound 67 acts as a 
temporary constraint for the stereoselective formation of E isomer. 
Thus, the macrocyclization of the diene 67 in the presence of 10 mol% 
of the catalyst 68 gave the desired E isomer 69 as a single product This 
particular example nicely features the excellent application profile of 
the mthenium complex 68, which is equivalent or even superior to the 
most popular Grabbs carbene 11b. The cyclic compound 69 on 
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deprotection with dilute aqueous HCl provided herbarumin I 70 in 1 1% 
overall yield (Scheme 1.28). 



Scheme 1.28 

The stereoselective RCM was also observed in the synthesis of 
migrastatin 71 by Danishefsky and co-workers (Figure 1.6). His group 
used “^second generation'' Grubbs catalyst 27 for the synthesis of 
macrolide core 78 (highlighted in Figure 1.6) of migrastatin. Their 
approach to migrastatin starts from an adduct 74 derived from an 
aldehyde 72 and a diene 73 by a chelation controlled TiCU catalysed 
hetero Diels- Alder reaction (Scheme 1.29). The adduct 74 was 
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successfully transfomed to tbe diol 75 which was selectively esterified 
with hept-l,6-dienoic acid in the presence of DMAP to give the ester 76 
in 65% yield. A simple 3-step sequence (deprotoction of silyl ether and 
oxidation by Dess-Martin pjeriodane followed by olefination by Tebbe’s 
reagent) provided to metathesis precursor 77, which was subjected to 
RCM with 20 mol% of the ruthenium caibene 27 in refluxing toluene 
(0.5 mM) to yield the desired macrolide 78 as a single olefinic isomer 
(the (£)-congener) (Scheme 1.29). 



71 

Figure 1.6 


Noteworthy, treatment of 77 with the fimt genemSon Gmbbs 
catalyst lib in refluxing CH^Cfe led exeiusiyely to the dimeric product 
denve fixrm cross metathesis of the terminal double bond of the aoyl 
morety. The hrgh olefinic stereoselectivity in RCM reaction, in this 
CMe, mrght be due to the mfluence of the protecting group (in this case 
-OMe) adjacent to the olefinic double bond. 
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OMe 



Figure 1.7 shows the list of naturally occurring macrolides 
which were prepared through RCM. In all these structures, the bond 
formed as a result of RCM is represented in dark lines. 
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{-yCladospolide {^yAspicilin^ 


Figure 1.7 

1.3.3 Ring formation by Enyne Metathesis: 

Enyne metathesis is a very unique reaction, which involves a 
reaction between an alkyne and a olefin, leading to the formation of a 
butadiene moiety.®^’^® Formally, the reaction proceeds through the 
formation of a new C-C bond between the triple bond and the double 
bond to give a cyclized product 80, and the alkylidine part of the alkene 
79, migrates onto the alkyne carbon to form a diene moiety (Scheme 
1.30). 



81 


I 



Scheme 1.30 

The reaction course for intramolecular enyne metathesis is 
shown in Scheme 1.31. 

11b 



82 


Scheme 1.31 

Methylidene ruthenium complex Ru=CH 2 , which is produced 
from benzylidene ruthenium complex 11b, reacts with alkyne part to 
form a cyclobutane derivative 81 via [2+2] cycloaddition. It is then 
converted into vinylidene-carbene complex 82, which reacts with the 
olefin part in a tether to give another metallo-cyclobutane 83, which 
subsequently releases the cyclized product 80 and the methylidene 
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ruthenium complex Ru=CH 2 . Thus, the catalytic cycle is established. 
When Ru=CH 2 reacts first with the olefin moiety of enyne 79, a similar 
catalytic cycle is represented.^® 

Mori and her co-workers have shown the applicability of enyne 
metathesis to the synthesis of small and medium sized rings.^^®"'^ Natural 
products such as (-)-stemoamide'^*‘' and (-)-salicylihalamide™ have been 
synthesized by using ring closing en)me metathesis as a key tool. 




Chapter 2 

An Approach Towards Synthesis of (-)-Acaterin and 
(5)-Fugoniycin using Ring Closing Metathesis 
2.1 Introduction 

Enantiomerically pure y-substituted a,p-ujisaturated y-lactones 
(y-butenolides) form an important class of compounds which constitute 
pivotal building blocks for the synthesis of a wide range of biologically 
active compounds^' and also appear as substructures in many natural 
products such as acetogenins/^ muconolactones,’^ leptospharin,^'* and 
strigol/^ Most of them have cytotoxic, antitumour, antimalarial, 
immunosuppressive and pesticide activities/* The biological activity of 
these natural products is mainly due to the presence of an unsaturated y- 
lactone skeleton in their structures. As a consequence, considerable 
efforts have been made directed towards the synthesis of this kind of 
biologically active compounds.’’ 

(-)-Acaterin 84 and (iS)-fugomycin 85 are such naturally 
occurring biologically important molecules which contain a,P- 
unsaturated y-butyrolactone moiety in their structure (Figure 2.1). 



Figure 2.1 
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(-)-Acaterin 84, isolated from a culture broth of Pseudomonas 
sp. A 92 by Endo and co-workers,’® is an inhibitor of Acyl-CoA: 
Cholesterol Acyl Transferase (ACAT).” ACAT inhibitors are expected 
to be effective for treatment of atherosclerosis and 
hypercholesterolemia.®®’®’ The absolute stereochemistry of natural 
acaterin was assigned as 4i?, \R (84) by Kitahara and co- workers,®’® 
after synthesizing its all four possible isomers (Figure 2.2). 


84 OH 0 


Figure 2.2 

Their synthetic plan towards all isomers of acaterin is given in 
scheme 2.1. The starting materials used in their synthesis were (R)- and 
(5)-ethyl 3-hydroxybutanoate. The (4R, 1/?) and {AR, IS) isomers of 
acaterin were synthesized from (i?)-ethyl 3-hydroxybutanoate. (7?)-ethyl 
3-hydroxybutanoate was readily converted into (i?)-Y-valerolactone 89 
by a known procedure.®® Treatment of y-valerolactone with LDA and 
methyl methanethiosulfonate gave a separable mixture of irons 90 and 
cis (91) sulfides along with bis-methylthio derivative 92 in 46%, 23% 
and 10% yields respectively. Both sulfides 90 and 91 were treated with 
LDA and octanoyl chloride to afford single |3-keto lactone 93 in 73% 






An approach towards Synthesis of 

yield, which was reduced with NaBH4 to give ^ 
diastereomers 94 (42.3%) and 95 (40%). Oxidative chniinatHn, 


of 

of 


methylthio group afforded natural acaterin 84 and 


acaterin 86 in 64% yield. 



Scheme 2.1 

In the same manner, (5)-ethyI hydrt»xybtii«noiilc was 
transformed to (5)-Y“Valerolactone 96, which was suhsc(|urni!y 
converted into 87 and 88 in 7.2% and 6.4% overall yields ihnnigh H> 
steps (Scheme 2.2). 

ACAT inhibition activity of four stereoisomers of acaterin was 
assayed using microsomes prepared from rat liver, Interesiinglv , At A I 
inhibitions by all the four stereoisomers were much the stmt- 
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0 

96 


Scheme 2.2 



During our progress towards synthesis of acaterin, one more 
report has appeared in the literature, which deals with a simple one step 
synthesis of acaterin via a new application of the Baylis-Hillman 
reaction.®'' The starting material used was enantiomerically pure (5 )-y- 
valerolactone 97, which was prepared by asymmetric reduction of the 
required a-chlorinated ketone with Baker’s yeast.®^ The Baylis-Hillman 
reaction of (5)-lactone 97 with caprylic aldehyde in the presence of 
DABCO and Mg(C 104)2 (additive) gave acaterin 98 in 47% yield along 
with by-products 99 and 100 in 11% and 10% yields respectively 
(Scheme 2.3). 

Caprylic aldehyde 

DABCO, Mg(CI04)2 
Dioxane-Water 
RT 




Scheme 2.3 
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Although the yield of acaterin was reasonable, the ee was very 
poor (around 15%). It was explained that the lowering of ee is due to 
racemization of the (5)-lactone 97 in the presence of DABCO. The 
formation of by-products 99 and 100 also clearly shows that 
racemization of (iS)-97 was taking place under basic conditions. 

Fugomycin (85) was isolated, very recently, from the strain 63- 
28 of Pseudomonas aureofaciens and was found to have remarkable 
antifungal activity.*® The absolute configuration of fugomycin 85 was 
determined as “5” by Braxm and co-workers.*’ They used readily 
available dibromoalkane 101 as a starting material for the s 5 mthesis of 
natural (5)-fugomycin 85 (Scheme 2.4). 



Bu 



Scheme 2.4 

First, the dioxalane 101 was subjected to a palladium-catalyzed 
reaction with hexynylmagnesium bromide to give the isomeric products 
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102 and 103 in 4:1 ratio. These isomers 102 and 103 on 
bromineAithium exchange reaction followed by treatment with methyl 
chloroformate delivered the carboxylic ester 104 in almost quantitative 
yield. Subsequently, hydrogenation in the presence of Lindlar’s catalyst 
led to the formation of the cis diene which on treatment with sulfuric 
acid in methanol followed by lactonization provided (5)-fugomycin 
(85) in 1 1% overall yield. 
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2.2 Background: 

Butenolides are y-butyrolactones with C“=C^ bond. They 
abound in nature, revealing a great variety of substitution patterns. 
Consequently, the development of efficient routes towards 
enantiomerically pure butenolides has received considerable attention. 
One of the major ways to synthesize these compounds is through 
“Chiron Approach", starting from simple enantiomerically pure 
synthons such as carbohydrates and hydroxy acids. Among these two, 
carbohydrates have received greater attention because they are readily 
available and cheap. 

For the past several years we have been working in the area of 
total synthesis of lactone natural products. We have successfully 
completed the syntheses of 5-hexadecanolide,®* (+)-boronolide®® and 
muricatacin^ from readily available and inexpensive D-mannitol. This 
prompted us to synthesize similar kind of 5- and y- lactone natural 
products. We came across many natural products having y- or 8-lactone 
sub-units and chosen (-)-acaterin 84 as the target. Acaterin was isolated 
from Pseudomonas sp A92 and is having remarkable ACAT inhibition 
activity. It was found that the ACAT inhibition activity of all the four 
isomers of acaterin was the same. In this chapter we disclose a 
convergent synthesis of (-)-acaterin and its diastereomer 86 starting 
from a Baylis-Hillman adduct derived from methyl acrylate and 
caprylic aldehyde through ring closing metathesis (RCM). We also 
address our attempted efforts toward the synthesis of (5)-fugomycin 85, 
an antifungal agent, starting from D-marmitol. 
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2.3. Present Work: 

In recent years, RCM has become a widely applicable method 
for forming C-C bonds.* As a result of pronounced tolerance to many 
functional groups this method has been increasingly used in the area of 
natural product synthesis. Many y-, 5- and macrocyclic lactone natural 
products have been synthesized using RCM as a key step. Keeping 
these things in mind, we started working on the total synthesis of (-)- 
acaterin 84 and (S)-fugomycin 85 by applying RCM methodology. 

Our retrosynthetic strategy towards the synthesis of (-)-acaterin 


is presented in Scheme 2.5. 

84 105 

+ I.^OMe C 1 

O 

Scheme 2.5 

A careful inspection of (-)-acaterin 84 reveals that the 5- 
membered ring of the target 84 can be constracted from an acyclic 
diene precursor 105 via RCM. The metathesis precursor 105 can be 
obtained from a hydroxy ester 106 through simple ester hydrolysis and 





RCM 
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eaeriflcation s«ps. The hytoxy ester 106, in mm. can be r,„p».c<t hy 
the Baylis-Hiltaan reaction of capo-Hc aldehyde w,.h methyl aenrtnte. 

The Baylis-Hillman maction" of captylic aldehyde wi.h methyl 
acrylate in the presence of a catalytic amount of qninuehd.ne'” pave an 
adduct 106 in 72% isolated yield. Using DABCX) as a catalyst, the 
adduct 106 was obtained in 78% yield but the reaetron t,me was quite 


longer (7 days) (Scheme 2.6). 

Qoifliicrficfin aa 40 72%^ 

OR 

OABCO. RT, 7 -days, 78% 

Scheme 2,6 




OH O 
im^ 


We planned to protect the hydroxyl group of the aciduci 106 

and then (lydrolyze the ester. We chose TBDMS clhcr m the proicciing 
group. Thus, the treatment of the hydroxy ester !W» with TB!>MS-C1 
and imidazole in DMF gave the desired TBDMS ether pruiccied ester 
107 in 98% yield. It was observed that the hydrolysjs of the TBDMS 
ether protected ester 107 gave poor yields (30%) of the acxi lOH even 
under mild conditions (lATLiOH in THFtHjO) (Schcfnc 2 7) 



OH 0 
106 


TBD MS-g , 
dW^.RT, 12 '11,98% 



mUGH ^ 
THF: H 2 O (2:1). 0 ®C-RT 
30% 



mmiso o 
%m 


Scheme 2 J 
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All attempts to improve the yield of the acid product 108 using 
other reagents and conditions failed. So, we shifted our attention 
towards base stable protecting groups. Among the various protective 
groups tested, methoxy ethoxy methyl ether (MEM) was found to be 
the best. Thus, the treatment of hydroxy ester 106 with MEM-Cl in the 
presence of iV,A-diisopropyl ethyl amine gave the MEM ether protected 
ester 109 in 83% yield which on hydrolysis with \N LiOH in THF:H20 
mixture gave the desired acid 110 in a quantitative yield (Scheme 2.8). 



OH 0 
106 


MEM.CI, DIPEA 


CH2a2. 0 °C-RT 
83% 



1WL10H 

THF; H 2 O (2:1), 0 ®C-RT 
98% 



Scheme 2.8 

The acid 110 was coupled with i?-(-)-3-buten-2-ol in the 
presence of dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino) 
pyridine (DMAP) to provide the diene ester 111 as an inseperable 
mixture of diastereomers, a substrate for ring closing metathesis 
reaction (Scheme 2.9). 
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Scheme 2.9 
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Exposure of the diene ester 111 to a catalytic amount of the 
parent Gmbbs catalyst 11b in CH 2 CI 2 under high dilution conditions 
gave a diastereomeric mixture of cyclized products 112 and 113 in 54% 
yield (Scheme 2.10). 



Scheme 2.10 

Generally electron deficient olefins, such as acrylates, are 
known to be problematic substrates for RCM,’^ because the carbonyl 
group of the acrylate forms a stable chelate like 114, with Ru carbene 
and deactivates its catalytic activity. This outcome, however, can be 
rectified iqwn addition of Ti(0‘Pr)4 to the reaction mixture.’^ Although 
the precise mode of action of Ti(0'Pr)4 is not yet clear, it was believed 
that the oxophilic Ti(0'Pr)4 competes with the emerging mthenium 
carbene for a kinetically labile coordination onto the ester and, thereby, 
avoids the formation of unreactive intermediates such as chelate 114 


(Figure 2.3). 
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But in our case, the addition of substoichiometric amounts of 
Ti(0‘Pr)4 did not help in improving the yield of the cyclized products 
112 and 113. In fact, it decreased the yield to 30%. Although the reason 
was not clear, we believe that the presence of highly oxygenated MEM 
group also participates in coordination to Ti center and makes the 
molecule conformationally unfavorable for cyclization. 

The diastereomers 112 and 113 were separated by radial 
chromatography and their absolute configurations were assigned after 
conversion to natural acaterin 84 and its diastereomer 86. Thus, (-)- 
acaterin 84 was obtained in 93% yield after the deprotection of 112 
with TiCLt (Scheme 2.11). By using similar procedure, pseudo acaterin 
86 was obtained in 92% yield from 113. 



Scheme 2.11 

We have accomplished the total synthesis of (-)-acaterin 84 
along with one of its diastereomer 86 in an overall yield of 22% using 
ring-closing metathesis as a key step.®^ The overall scheme for the 
synthesis of (-)-acaterin 84 is presented in Scheme 2.12. 

After successfully completing the synthesis of (-)-acaterin, we 
came across another interesting molecule (5)-fugomycin 85, which is 
closely related to 84 both stmcturally and stereochemicaily. 
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conditions: (a) methyl acrylate, quinuclidine, RT, 48 h. (b) 2-methoxyethoxymethyl 
chloride, Af-ethyl diisopropylamine, DCM, 0 °C-RT, 6 h. (c) \N aq. LiOH, THF- 
water (2:1), 0 "C-RT, 24 h. (d) R-{-)- 3-buten-2-ol, DCC, DMAP, DCM, 0 °C-RT, 

24 h. (e) Gmbbs catalyst (30 mol%), DCM, reflux, 48 h. (f) TiCU, DCM, 0 ®C-RT, 8 h. 

Scheme 2.12 

(iS)-Fugomycin, isolated from Pseudomonas aureofaciens with 
remarkable antifungal activity, is having a 1,3-butadiene skeleton in its 
structure.*^ Theoratically, the 5-membered ring of fugomycin along 
with butadiene skeleton can be constructed by using ring closing enyne 
metathesis (Scheme 2.13). 





Scheme 2.13 

Our retrosynthetic strategy towards synthesis of (5)-fugomycin 
85, based on enyne metathesis, is presented in Scheme 2. 14. 



A careful analysis of the target 85 reveals that the 5-membered 
nng of 85 can be constructed from enyne ester 114 by means of ring 
closing enyne metathesis. The enyne ester 114 could be obtained easily 
from acetonide derivative 115 through simple steps. The aoetonide 115 
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Scheme 2.16 

Next step was the esterification of the allylic alcohol 120 with 
propiolic acid. Unfortunately, all attempts to synthesize the 
propargylate ester 122 under various reagents and conditions failed 
(Scheme 2.17). Further investigation to get the target ester 122 using 
other methods is currently under progress. 
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Scheme 2.17 
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In conclusion, we have developed a new route to the synthesis 
of (-)-acaterin 84 and one of its diastereomers 86 using RCM strategy. 
The overall yield of (-)-acaterin 84 and its diastereomer 86 by our 
method is 22%. We have also attempted the synthesis of (iS)-fugomycin 
85 using ring closing enyne metathesis strategy. 
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2.4. Experimental section: 

General Methods and Materials: 

'H and ‘^C NMR spectra were recorded on JEOL JNM-LA400 
instrument using solutions in CDClj. The 'H and ‘^C spectra were 
referred, respectively, to TMS used as an internal standard and the 
central line for CDCI3. Chemical shifts were reported in d and coupling 
constants in Hz. IR spectra were recorded on Bruker FT IR Vector 22 
spectrometer, samples are either in neat or KBr pellets. Optical 
rotations were taken on Rudolph Autopol-III automatic polarimeter. 
Elemental analyses were done on Perkin-Elmer 240-C automatic 
elemental analyzer. Mass spectrometric analyses were done on JEOL 
D-300 (EI/CI) and JEOL SX-102 (FAB) instruments. Melting points 
were determined by using Perfit apparatus and are uncoixected. The 
lUPAC names in the experimental section were generated using 
AutoNom software. 

All the reactions were carried out using freshly distilled or dry 
solvents. Reagent grade solvents were obtained from S.D. Fine 
Chemicals Ltd. Tetrahydrofiiran (THF) was distilled from sodium 
benzophenone ketyl under nitrogen. Dichloromethane, triethylamine, 
and chloroform were distilled over CaH 2 . Routine monitoring of 
reactions were performed by tic, using precoated silica gel tic plates 
obtained from E-Merck. Column chromatography was performed over 
silica gel (100-200 mesh) from Acme Chemicals using petroleum ether 
and ethyl acetate mixtures as eluent. Solvents were removed under 
reduced pressure on a rotaiy evaporator. Organic extracts were dried 
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with anhydrous Na2S04. The visualization of spots on tic plates was 
effected by UV illumination, exposure to iodine vapor, DNP in 10% 
H2SO4 in ethanol and heating the plates sprayed with 10% H2SO4 in 
ethanol. 

Methyl acrylate was distilled over a pinch of hydroquinone 
prier to use. Caprylic aldehyde, quinuclidine, DABCO, DCC, (i?)-3- 
butene-2-ol, 2-methoxy ethoxymethylchloride, NaHMDS (2M 
solution), CeCl3.7H20, TBDMS-Cl and Grubbs catalyst were obtained 
from Fluka and used as received. 

3-Hydroxy-2-methylene-decanoic acid methyl ester 106. A solution 
of caprylic aldehyde (3.0 mL, 19.2 mmol) and freshly distilled methyl 
acrylate (10 mL) was stirred in the presence of quinuclidine (500 mg, 
4.5 mmol) at room temperature for 48 h. Most of the methyl acrylate 
was distilled off under reduced pressure and the residue was 
chromatographed over silica gel using 10% EtOAc in petroleum ether 
(ratio 1:9) to provide 106 as a colorless oil; Yield 2.95 g (72%); i?/0.30 
(10% ethyl acetate in petroleum ether); FT IR (film) 3443 (br), 1716, 
1631 cm-'; 'H NMR (400 MHz, CDCI3) <5-0.87 (t, J = 6.7 Hz, 3H), 
1.27-1.35 (m, lOH), 1.60-1.68 (m, 2H), 2.55 (bs, IH), 3.79 (s, 3H), 4.38 
(bt, J= 6.4 Hz, IH), 5.79 (t, 1.2 Hz, IH), 6.22 (d, J= 0.72 Hz, IH); 

'^C NMR (100 MHz, CDCI3) S 14.06, 22.62, 25.82, 29.20, 29.36, 
31.78, 36.20, 51.84, 71.83, 124.93, 142.45, 167.05; Mass (El, m/z): 214 
(M^). Anal. Calcd. for C,2H2203: C, 67.29; H, 10.28. Found: C, 67.27; 
H, 10.30. 
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3-(2-Methoxy-ethoxymethoxy)-2-inethylenc-dccanoic acid methyl 
ester 109. A solution of the adduct 106 (2.0 g, 9.4 mmol) and 7'/-ethyl 
diisopropylamine (3.2 mL, 18.7 mmol) in anhydrous CH2CI2 (20 mL) 
was treated with 2-methoxy ethoxymethyl chloride (1.6 mL, 14.0 
mmol) at room temperature for 6 h. The reaction mixture was then 
filtered through a pad of celite, diluted with CH2CI2 and washed with 
0. 1 N HCl, water, saturated brine solution and dried over anhydrous 
Na2S04. The solvent was removed under reduced pressure and the 
residue was purified through silica gel column using 5% EtOAc in 
petroleum ether to give the MEM ester 109 as a colorless oil; Yield 
2.34 g (83%). Rf 0.5 (15% ethyl acetate in petroleum ether); FT IR 
(film) 1722, 1631 cm"'; 'H NMR (400 MHz, CDCI3) d 0.87 (t, 7 = 7.1 
Hz, 3H), 1.26-1.35 (m, lOH), 1.53-1.62 (m, IH), 1.64-1.69 (m, IH), 
3.39 (s, 3H), 3.53-3.56 (m, 2H), 3.60-3.66 (m, IH), 3.76 (s, 3H), 3.77- 
3.82 (m, IH), 4.52 (bdd, J= 7.8, 4.4 Hz, IH), 4.67 (s, 2H), 5.82 (t, 7 = 
1.2 Hz, IH), 6.28 (d, 7= 1.2 Hz, IH); '^C NMR (100 MHz, CDCI3) 
<514.05, 22.60,-25.56, 29.18, 29.32, 31.78, 35.63, 51.75, 58.98, 67.19, 
71.68, 74.64, 93.73, 125.32, 141.20, 166.53; ; Mass (El, m/z): 213, 197, 
105, 89 (base peak). Anal. Calcd. for C16H30O5: C, 63.58; H, 9.93. 
Found: C, 63.60; H, 9.91. 

3-(2-Methoxy-ethoxymethoxy)-2-methyIene-decanoic acid 110. A 
solution of aqueous IN LiOH (66.2 mL, 66.2 mmol) was added drop- 
wise to a stirred solution of methyl ester 109 (2.0 g, 6.6 mmol) in THF 
(100 mL) and water (50 mL) at 0 °C. The cooling bath was then 
removed and the mixture was stirred at room temperature. On 
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completion of the reaction {ca. 24 h), the reaction mixture was acidified 
to pH 4 with dilute aqueous HCl at 0 °C and extracted with EtOAc. The 
organic layer was then washed with saturated brine solution, dried over 
anhydrous Na2S04. Evaporation of the solvent followed by purification 
over silica gel column using 50% EtOAc in petroleum ether gave the 
acid 110 as a colorless oil. Yield 1.88 g (98 %). 7?/ 0.50 (neat EtOAc); 
FT IR (film) 3300-2500, 1717, 1632 cm'*; 'H NMR (400 MHz, CDCI3) 
5 0.80 (t, J= 6.6 Hz, 3H), 1.18-1.26 (m, lOH), 1.49-1.65 (m, 2H), 3.32 
(s, 3H), 3.49 (t, J= 4.8 Hz, 2H), 3.55-3.60 (m, IH), 3.71-3.76 (m, IH), 
4.45 (bdd, J= 7.6, 4.4 Hz, IH), 4.62 (s, 2H), 5.86 (s, IH), 6.35 (d, / = 
1.2 Hz, IH); ‘^C NMR (100 MHz, CDCI3) 5 14.03, 22.59, 25.56, 29.18, 
29.31, 31.78, 35,52, 58.95, 67.22, 71.64, 74.61, 93.76, 127.57, 140.72, 
170.83; Mass (FAB, m/z): 184, 106, 90 (base peak). Anal. Calcd. for 
CisHisOs: C, 62.50; H, 9.72. Found: C, 62.44; H 9.75. 
3-(ilS)-(2-Methoxy-ethoxymethoxy)-2-methyIene-decanoic acid- 
(lif)-methyl-allyl ester 111. A solution of DCC (2.13 g, 10.34 mmol) 
in anhydrous CH2CI2 (5 mL) was added drop-wise to a solution of the 
acid 110 (1.5 g, 5.2 mmol), R-(-)-3-buten-2-ol (536 pL, 6.2 mmol) and 
DMAP (316 mg, 2.6 mmol) in anhydrous CH2Cl2(15 mL) at 0 °C. The 
reaction mixture was slowly warmed to room temperature and allowed 
to stir for 24 h. It was filtered through a pad of celite, diluted with 
CH2CI2, washed with water, saturated brine, and dried over anhydrous 
Na2S04. Evaporation of the solvent followed by purification over silica 
gel column using 10% EtOAc in petroleum ether provided an 
inseparable diastereomeric mixture of products 111 as a colorless oil; 
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Yield 1 .30 g (73 %); 0.65 (20% EtOAc in petroleum ether); [ap\> 

3.48 (c 1. 15, CHCb); IR (film) 1713, 1632 cm''; 'H NMR (400 MHz, 
CDClj) d 0.80 (t, J= 6.6 Hz, 3H), 1.19-1.21 (m, lOH), 1.28 (dd, J = 
6.4, 2.0 Hz, 3H), 1.50-1.64 (m, 2H), 3.32 (s, 3H), 3.46-3.49 (m, 2H), 
3.54-3.59 (m, IH), 3.70-3.76 (m, IH), 4.46 (bm, IH), 4.60 (s, 2H), 5.08 
(qd, J= 10.5, 1.2 Hz, IH), 5.19 (tdd, J= 17.3, 2.2, 1.2, Hz, IH), 5.31- 
5.38 (m, IH), 5.74 (d, J= 1.2 Hz, IH), 5.75-5.85 (m, IH), 6.22 (d, J = 
1.2 Hz, IH); '^C NMR (100 MHz, CDClj) S 14.07, 19.89, 22.63, 25.61, 
29.22, 29.35, 29.68, 31.81, 35.78, 59.01, 67.22, 71.29, 71.36, 71.72, 
74.66, 74.73, 93.83, 115.77, 115.89, 124.87, 124.92, 137.54, 141.72, 
165.29 (Most of the carbons showed two peaks due to the presence of 
diastereomers); Mass (El, m/z): 237, 105, 89 (base peak). Anal. Calcd. 
forCi 9 H 3405 : C, 66.67; H, 9.94. Found: C, 66.55; H, 9.98. 

CycUzadon of diene 111. A solution of Grubbs carbene (358 mg, 0.44 
mmol) in anhydrous CH 2 CI 2 (100 mL) was added drop-wise to a stirred 
solution of the diene 111 (500 mg, 1.45 mmol) in anhydrous CH 2 CI 2 
(100 mL) at 40 °C over a period of 1.5 h. The resulting solution was 
allowed to stir at reflux temperature for 48 h. The solvent was distilled 
off under reduced pressure and the residue was passed through a short 
plug of silica gel to give a 1:1 diastereomeric mixture of products 112 
and 113 as a pale brown coloured liquid; Yield 246 mg (54 %). These 
diastereomers were separated by a radial chromatography using 1-2 
mm thick plates coated with silica gel PF 254 (E-Merck) to give 112 (1 16 
mg) and 113 (1 10 mg). 
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2-[l/?-(Methoxy-ethoxymethoxy)-octyl]-4jR-pent-2-enoIide 112. Rj 
0.48 (50% EtOAc in petroleum ether); [a]^^D+21.9 (c 0.60, CHCI3); IR 
(film) 1753 cm-'; ‘H NMR (400 MHz, CDCI3) 6 0.87 (t, /= 6.4 Hz, 
3H), 1.26-1.29 (m, lOH), 1.43 (d, J= 6.8 Hz, 3H), 1.71-1.78 (m, 2H), 

3.38 (s, 3H), 3.54 (t, 4.9 Hz, 2H), 3.64-3.69 (m, IH), 3.73-3.78 (m, 

IH), 4.48 (bt, J= 6.1 Hz, IH), 4.73 (d, /= 2.4 Hz, 2H), 5.04 (q, J= 6.8 
Hz, IH), 7.26 (s, IH); NMR (100 MHz, CDCI3) 8 14.07, 19.08, 
22.61, 25.05, 29.18, 29.32, 31.77, 33.89, 59.06, 67.37, 71.54, 71.66, 
77.58, 94.10, 134.88, 150.71, 171.84. Mass (El, m/z)-. 269 (base peak). 
Anal. Calcd. for C17H30O5: C, 64.97; H, 9.95. Found: C, 64.84; H, 9.97. 
2-[l*S'-(Methoxy ethoxyniethoxy)-octyI]-4if-pent-2-enolide 113. Rj 
0.5 (50% EtOAc in petroleum ether); [a]^^D -82.4 (c 0.85, CHCI3); IR 
(film) 1755 cm-'; 'H NMR (400 MHz, CDCI3) 8 0.87 (t, J = 6.6 Hz, 
3H), 1.26-1.29 (m, lOH), 1.43 (d, J= 6.8 Hz, 3H), 1.72-1.80 (m, 2H), 

3.39 (s, 3H), 3.54 (t, J = 4.9 Hz, 2H), 3.64-3.69 (m, IH), 3.74-3.79 (m, 

IH), 4.48 (t, J= 6.3 Hz, IH), 4.73 (s, 2H), 5.05 (q, 6.8 Hz, IH), 

7.22 (s, IH); ‘^C NMR (100 MHz, CDCI3) 8 14.06, 19.1 1, 22.60, 25.13, 
29.18, 29.32, 31.78, 33.92, 59.05, 67.36, 71.55, 71.66, 77.58, 94.12, 
134.85, 150.67, 171.86. Anal. Calcd. for CnHsoOs: C, 64.97; H, 9.95. 
Found: C, 64.94; H, 9.92. 

Natural (-)-acaterin 84. A solution of TiCh (174 pL, 1.58 mmol) in 
anhydrous CH2CI2 (2 mL) was added drop-wise to a stirred solution of 
112 (50 mg, 0.16 mmol) in anhydrous CH2CI2 (2 mL) at 0 °C. After 
being stirred for 12 h at rt, the reaction mixture was quenched with 
concentrated NH4OH at 0 °C and extracted with CH2CI2. The combined 
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organic layer was washed with saturated brine solution, dried over 
anhydrous Na2S04. Evaporation of the solvent under vacuo gave crude 
material, which on purification over silica gel column using 30% 
EtOAc in petroleum ether gave the natural acaterin 84 as a colorless oil. 
Yield 34 mg (93 %). i?/0.40 (50% EtOAc in petroleum ether); - 
18.9 {c 0.95, CHCI3) {lit.'« [a]”D-17 (CHCI3); lit.*'* [a]\ -19.7 (c 
0.61, CHCI3)}; IR (film) 3458, 1750, 1652 cm'‘; ‘H NMR (400 MHz, 
CDCl3)<5 0.88 (t,J=7.1 Hz,3H), 1.27-1.30 (m, lOH), I.45(d,J=6.8 
Hz, 3H), 1.64-1.81 (m, 2H), 2.69 (bs, IH), 4.47-4.50 (m, IH), 5.07 (q, J 
= 6.8 Hz, IH), 7.19 (s, IH); ’*C NMR (100 MHz, CDCI3) <5 14.05, 
18.90, 22.59, 25.23, 29.15, 29.28, 31.73, 35.41, 66.99, 77.95, 136.15, 
149.32, 172.67. 

Pseudo acaterin 86. The above-described procedure was followed for 
the conversion of 113 into 86. The product 86 was obtained as a 
colorless oil. Yield 33 mg (92 %); RfOAl (50% EtOAc in petroleum 
ether); -54.7 (c 0.75 in CHCI3) {lit.*'* [afo -63.7 (c 0.53, 

CHCI3)} ; IR (film) 3458, 1750, 1652 cm’*; ‘H NMR (400 MHz, 
CDCI3) S 0.88 (t, J= 7.1 Hz, 3H), 1.27-1.32 (m, lOH), 1.44 (d,J= 6.8 
Hz, 3H), 1.66-1.81 (m, 2H), 2,62 (bs, IH), 4.49 (m, IH), 5.07 (q, J = 
6.8 Hz, IH), 7.19 (s, IH); "C NMR (100 MHz, CDCI3) <5 14.05, 18.93, 

22.59, 25.28, 29.16, 29.28, 31.74, 35.43, 67.08, 77.95, 136.21, 149.28, 
172.63. 

(3i?)-4-Hept-l-enyl-2,2-dimethyl-[l,3]dioxolane.ll5: NaHMDS (2 M 

solution in THF) (16.2 mL, 32.4 mmol) was added drop- wise to a 
stirred suspension of n-pentyl triphenylphosphonium bromide [prepared 



61 


An approach towards Synthesis of (-)-Acaterin and ... 

by heating 1-bromopentane and triphenylphosphine in anhydrous 
benzene for 24 h] (12.8 g, 30.0 mmol) in anhydrous THF (70 mL) at 
0 °C. The resulting bright orange mixture was further stirred at 0 °C for 
30 min. A solution of (i?)-l,2-isopropylidine glyceraldehyde’^’ 116 (3.0 
g, 23.1 mmol) in anhydrous THF (30 mL) was added drop-wise to it. 
After being stirred for 4 h at 0 °C, the reaction mixture was quenched 
with saturated aqueous NH4CI solution. The organic layer was 
separated and the aqueous layer was extracted with ether. The 
combined organic layer was washed with saturated brine solution and 
dried over anhydrous Na 2 S 04 . The solvent was evaporated in vacuo 
and the crude material on purification over silicagel column using 1% 
EtOAc in petroleum ether gave the pure compound 115 as a colorless 
oil. Yield 3.16 g (74 %); /?/0.80 (5% EtOAc in petroleum ether); [a]^^D 
+7.0 (c 1, CDCI3); 'H NMR (400 MHz, CDCI3) 5 0.90 (t, J= 12 Hz, 
3H), 1.25-1.36 (m, 4H), 1.40 (d, /= 0.4 Hz, 3H), 1.42 (d, J= 0.5 Hz, 
3H), 2.05-2.17 (m, 2H), 3.51 (t, /= 8.0 Hz, IH), 4.06 (dd, 8.0, 5.8 
Hz, IH), 4.84 (ddt, y= 8.6, 6.1, 1.2 Hz, IH), 5.40 (tdd, 12.4, 8.6, 
1.5 Hz, IH), 5.63 (dtd,y= 11.0, 7.6, 1.2, Hz, IH); '^C NMR (100 MHz 
CDCI3) 5 13.86, 21.20, 25.98, 26.76, 27.43, 31.75, 69.45, 71.98, 
109.00, 126.98, 135.17; MS (FAB): 185 (M^l). Anal. Calcd. for 
Ci.HzoOa: C, 71.74; H, 10.87. Found: C, 71.67; H, 10.48. 
(2if)-Non-3-ene-l,2-diol 119: CeCl3.7H20 (12.2 g, 32.6 mmol) was 
added, in portions, to a solution of acetonide 115 (3.0 g, 16.3 mmol) in 
acetonitrile (100 mL) followed by (C00H)2.2H20 (103 mg, 0.82 
mmol) at rt. After being stirred for 4 h, the reaction mixture was filtered 
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and washed with acetonitrile. The filtrate was evaporated to dryness 
using rotary evaporator and the residue on purification over silica gel 
column using 50% EtOAc in petroleum ether gave pure diol 119 as a 
colorless oil. Yield 2.04 g (87%); Rf 0.50 (70% EtOAc in petroleum 
ether); [a]^^D+9.2 (c 1.4, CHCI 3 ); FT IR (neat) 3438 (hr) cm'*: ‘H NMR 
(400 MHz, CDCI 3 ) 6 0.90 (t, J= 7.1 Hz, 3H), 1.27-1.37 (m, 4H), 2.00- 
2.16 (m, 2H), 2.82 (bs, 2H), 3.48 (dd, J= 1 1.2, 8.1 Hz, IH), 3.57 (dd, J 
= 11.5, 3.7 Hz, 1H),4.55 (ddt, J= 8.5, 3.7, 1.0 Hz, IH) 5.36 (tdd,y = 
1 1 .0, 8.7, 1 .5 Hz, 1 H), 5.58 (dtd, J = 1 1 .0, 7.6, 1 .0 Hz, 1 H); '^C NMR 
(100 MHz, CDCI 3 ) 8 13.88, 22.27, 27.59, 31.72, 66.32, 68.62, 127.68, 
134.52; MS (FAB): 167 (M^+ Na). Anal. Calcd. for CgHieOz: C, 66.67; 

H, 1 1 . 1 1 . Found: C, 66.48; H, 1 1 .09. 

(2jR)-l-(tert-Butyl-dimethyl-silanyloxy)-oct-3-en-2-ol 120: A solution 
of TBDMS-Cl (1.97 g, 13.1 mmol) in anhydrous CH 2 CI 2 (10 mL) was 
added drop-wise to a stirred solution of diol 119 (1.8 g, 12.5 mmol), 
Et 3 N (5.2 mL, 37.5 mmol) and 4-DMAP (153 mg, 1.25 mmol) in 
anhydrous CH 2 CI 2 (60 mL) at - 40 °C. After being stirred for 8 h at the 
same temperature, the reaction mixture was diluted with CH 2 CI 2 , 
washed with water and saturated brine solution and dried over 
anhydrous Na 2 S 04 . The solvent was evaporated under vacuo and the 
residue on purification over silicagel column using 2% EtOAc in 
petroleum ether gave the pure compound 120 as a colorless oil. Yield 
2.74 g (85%). R/0.6 (10% EtOAc in petroleum ether); +35.8 (c 

I. 35, CDCI3); FT IR (neat) 3449 (br) cm'*; 'H NMR (400 MHz, CDCI3) 
0.00 (s, 611), 0.82 (m, 311 fCH.! signal was merged will) 'Bu methyl 
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signal]), ().X3 (s, 3II), 1.22-1.28 (bm, 411), 1.93-2.08 (tn, 211), 2.46 (b.s, 
IH), 3.33 (dd, J= 10.0, 8.32 Hz, IH), 3.48 (dd,y = 10.0, 3.64 Hz, IH), 
4.39 (dt,y= 8.28, 2.92 Hz, IH), 5.21-5.26 (m, IH), 5.48 (dtd,7= 1 1.0, 
7.56, 0.96 Hz, IH); '^C NMR (100 MHz, CDClj) 5 -5.40, -5.32, 13.91, 
18.31, 22.28, 25.88, 27.65, 31.82, 66.87, 68.36, 127.66, 134.31. Anal. 
Calcd. for CkHjoOsSI: C, 65.15; H, 1 1.63. Found: C, 65.43; H, 1 1.28. 
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Figure 2.1 'HNMRofl06 
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Figure 2.3 ‘H NMR of 109 
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Figure 2.5 ’HNMR of 110 
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Figure 2.6 '^C NMR of 110 
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Figure 2.7 'HNMRoflll 







Figure 2.8 '^C NMR of 111 









Figure 2.10 NMR of 112 




Figure 2.11 'HNMRofll3 



Figure 2.12 '^CNMRoflO 






Figure 2.14 '^C NMR of 84 
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Figure 2.15 'HNMRof86 



Figure 2.16 ‘^CNMR of 86 
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Figure 2.17 'H NMR of 115 
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Figure 2.19 'h NMR of 119 



Figure 2.20 NMR of 119 





Figure 2.21 ‘HNMRofl20 
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Chapter 3 

A RCM based approach towards synthesis of (+)- 
diplodialide A and antimycin A 3 . 

3.1 Introduction: 

After the successful synthesis of (-)-acaterin 84 by RCM, we 
shifted our attention towards macrocyclic lactones. We came across 
many naturally occurring biologically important macrolides and chose 
(+)-diplodialide A (123 A) and Antimycin A 3 124 as targets. Since 
RCM based approach is not known in the literature for these two 
macrolides, we decided to apply this methodology (RCM) for their 
synthesis. 



Figure 3.1 

The diplodialides (123 A to D) are the family of ten-membered 
ring macrocyclic lactones isolated from the pathogenic fungus Diplodia 
pinea.^^ Wada and co-workers have shown that diplodialide A (123 A) 
had a significant inhibitory activity against progesterone 1 la- 
hydroxylase in vegetable cell cultures of Rhizopus stolonifer at 125 
ppm.^ Subsequently, another ten membered lactone of this family, 
phoracantholide was isolated finm the metastemal gland secretion of 
Phoracantha synonyma by Moore et al}^ 
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Different methods are available in the literature for the 
construction of the macrolide core of diplodialide A (123 A). In this 
section, we discuss some of the previous known reports for the 
synthesis of 123 A. 



Figure 3.2 

The first synthesis of (+/-) diplodialide A (123 A) was also that 
of Wada in 1977 (Scheme 3.1).’°' Ethyl-5-oxohexanoate 126 was 
reduced with NaBH 4 and the resulting alcohol protected with DHP to 
give 127. Reduction of ester moiety to a primary alcohol followed by 
conversion to the bromide 128 was achieved by conventional means. 
Alkylation of the dianion of ethyl acetoacetate with 128 afforded the |3- 
keto ester 129, which possesses all the carbons required for the 
construction of diplodialides. Protection of the ketone as the dithiane 
using BF 30 Et 2 and ethanedithiol, which caused concomitant cleavage 
of the THP ether, followed by basic hydrolysis of the ethyl ester, 
furnished acid 130. Lactonization using Corey procedure afforded 
macrocycle 131 in 30% yield. Removal of the dithioketal with NBS in 
water gave the keto lactone 132. The double bond was then introduced 
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by selenylation-oxidation sequence. Accordingly, treatment of 132 with 
excess LDA followed by phenylselenyl bromide afforded selenyl 
lactone 133, the desired lactone 134 and the recovered starting material 
132. Synthetic diplodialide A (123 A) was then obtained from 132 after 
oxidation and selenoxide elimination. 



123 A 


Scheme 3.1 

Tsuji published a synthesis of 123 A utilizing an intramolecular 
Reformatsky reaction for the construction of the 10-membered ring 
(Scheme 3.2).*°^ When butadiene was reacted in the presence of 
Pd(OAc )2 and acetic acid, diene acetates 135 and 136 were formed. The 
desired terminal acetate 136 was converted into the ketone 137 by 
Wacker oxidation. After substitution of THP ether for the acetate, the 
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ketone was reduced and the resulting alcohol was acylated with 
bromoacetyl bromide to afford 138. Acidic cleavage of the THP ether 
followed by oxidation provided the ester aldehyde 139. Final ring 
closure was achieved using a modified version of Reformatsky 
reaction. Thus, treatment of 139 with zinc and diethyl aluminium 
chloride gave a mixture of diastereomeric alcohols in 48% yield. 
Oxidation of the allylic alcohol with Mn02 then afforded the synthetic 
123 A. 



(+/-) 


123 A 

Scheme 3.2 

Ireland utilized a sulfide ring contraction process for the ring- 
forming step of his synthesis of 123 A (Scheme 3.3).*°^ The diethyl 
acetal of 5-hydroxyhexanal 140 was converted to the trichloroethyl 
carbonate and the acetal hydrolyzed to produce the aldehyde 141 in 
86% yield. Addition of the zinc enolate of N,N- 
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dimethylethanethioamide to 141 afforded an intermediate, which was 
subjected to acylation and reductive carbonyl cleavage to yield 142. 
Acylation with chloroacetyl chloride was followed by ring closure to 


give the macrocycle 143 in 24% yield. Elimination of acetic acid from 


143 afforded diplodialide A (123 A). 



a3CCH20coci 
H2O. H"" 



1. Me2NC(S)CH2ZnCl 

2. AcCI 

3. Zn. HOAc 


1. CICH 2 COCI, 

2. Nal, P(OEt) 3 , 

(^r)2NEt 

143 

Scheme 3.3 

The studies of Wakamatsu culminated in the preparation of 
three natural compoimds from a single synthetic route (Scheme 3.4).“^ 
The enediol bis silyl ether 144 was converted to the dianion and 
immediately alkylated with l-iodo-3-butanol to give glycol 145 as a 
mixture of diastereomers in 87% yield. Diol fragmentation with lead 
tetraacetate afforded ketolactone 146 in quantitative yield. Formation of 
the dithioketal and subsequent Raney Nickel desulfurization gave 125. 
Macrocyclic lactone 125 is the simple natural product phoracantholide 
I. The lactone 125, on selenation-elimination sequence, furnished the 
imsaturated lactone 147. Epoxidation of 147 followed by lithium- 
ammonia reduction gave diplodialide C (123 C), which on oxidation 
gave the p-keto lactone 132. The p-keto lactone was converted to 
diplodialide A (123 A) by literature known sequence.'®* 
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125 147 



Scheme 3.4 

Boeckman and co-workers have described the intramolecular 
ring opening of dioxolinones by alcohol nucleophile to form the 
macrocyclic core of diplodialide A (123 A) (Scheme 3.5).*®^ The 
required optically pure cycliTation substrate, dioxolenone alcohol 152, 
was obtained in a straightforward way beginning with the protected R- 
(+)-aldehyde 148. Wittig reaction of 148 with the ylide derived from 
phosphonium fluoroborate 149 afforded exclusively the Z olefin 150. 
After catalytic reduction and deprotection, the resulting hydroxy 
aldehyde was condensed with 151 to afford 152, which on thermolysis 
in toluene at reflux gave (+)-diplodialide (123 A). This is the only 
report known in the literature for the synthesis of (-i-)-diplodialide A 
(123 A) in enantiomerically pure form. 
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OMe 



P = CH(CH3)0CH2CH3 


f-BuOK.THF.O°C 

65% 




1. Hz, Pt02. EtOAc 

2. Amberlyst-15 



Scheme 3.5 

Antimycin A 3 124, a unique unsymmetrical nine-membered 
dilactone isolated from a number of Streptomyces strains, exhibits 
both antibiotic and antifungal activity. Among the components of 
antimycin A complex , A3, which is available from Sigma Co., is one of 
the most active agents and has been widely used in biological and 
biochemical investigations.*®* In this section, we discuss few of the 
literature known reports for the synthesis of Antimycin A 3 124. 

Kinoshita and co-workers achieved the first total synthesis*®** of 
Antimycin A 3 starting from methyl 2-C-bulyl-2,5-dideoxy-P-Z- 
arabinofuranoside 153 (Scheme 3.6). The compound 153 was converted 
to its corresponding benzyl ether 154 which on acid hydrolysis 
followed by reduction with NaBHt gave (25',3i?,4S)-3-0-benzyl-2- 
butyl-l,3,4-pentanetriol 155 in 94% yield. 



94 


Part A: Chapters 


/C^OMe 


Me 

Bu 
153 X = H 
154X = Bn 


H- 

XO- 

HO- 


-OR 

-Bu 

-H 

-H 


Me 

155 R = H 
156R = Tr 


H- 

XO- 

Z-L-Thr-O- 


-OR 

“Bu 

“H 

“H 


I Me 
Bu^ 157R = Tr 
158R = H 



ZHN/, 




o Bu 
161 


Z = Cbz 




Scheme 3.6 

Tritylation of 155 with triphenyl methyl chloride in pyridine 
at 40 "C gave the 3-0-benzyl-l-0-trityl-l,3,4-pentanetrioi 156 
quantitatively. Acylation of the 4-hydroxyl group of 156 with excess iV- 
(benzyloxycarbonyl)-0-t-butyl-Z.-threonine in the presence of DCC and 
pyridine afforded the condensation product 157 in 74% yield. 
Detritylation of 157 with 90% acetic acid gave the corresponding 
alcohol 158, which on oxidation with Cr 03 .Pyr afforded the ester acid 
159. The t-butyl group of 159 was removed by treatment with 
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trifluoroacetic acid to give an intermediate, which was converted into 
the corresponding 2-pyridine thiol ester 160 by action of di-2-pyridyI 
disulfide and triphenylphosphine. The thioester 160, on macro- 
lactoni2ation using Corey-Nicolaou procedure,”® gave the macrocyclic 
lactone 161 in 14% yield. Hydrogenolysis of 161 with Pd black in 
methanol under H2 atm gave a hydroxy amine intermediate, which 
on A^-acylation with 2-ben2yloxy-3-nitrobenzoicacid iV-hydroxy- 
succinimide ester”* afforded 162. The A'^acylamino hydroxy dilactone 
162 was 0-aeylated with isovaleric anhydride in pyridine to afford an 
ester intermediate, which on hydrogenolysis with H2/Pd followed by N- 
formylation gave the synthetic antimycin A3 124. 

Wasserman and co-workers have developed a new method for 
the construction of macrolide core of antimycin A3 124 by 
photooxygenation of substituted 2-alkyl-4,5-diphenyloxazoles.**^ Thus, 
2-methyl-3,4-diphenyloxazole 163 was alkylated with 1-iodobutane in 
standard fashion yielding 164, which was treated with n-BuLi followed 
by addition of (iS)-2-[(methoxy)methoxy]propanal to give 165 as a 
mixture of diastereomers. The hydroxy derivative 165, on acylation 
with isovaleryl chloride in pyridine gave the corresponding ester 166, 
which on deprotection with BF30Et2 and thiophenol afforded the 
hydroxy oxazole 167. The isomer 167 was then condensed with N- 
carbobenzyloxy-O-f-butylsilyl-L-threonine in the presence of DCC and 
DMAP to provide the ester 168. 
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Conditions: (a) n-BuLi, n-BuI, -78 °C, THF; (b) n-BuLi, (5)-2-[(methoxy) methoxy] propanal, 
THF, -78 "C; (c) ClCOCH 2 CH(CH 3 ) 2 , pyridine; (d) BFa.OEt^, PhSH, CH 2 CI 2 ; (e) DCC, DMAP, 
CH 2 CI 2 , A^-carbobenzyloxy-0-^butylsilyl-Z--th^eonine; (f)(i) /z-BuuNF, THF, 0 °C; (ii) CH 2 CI 2 , 
Sensitox, 25 '’C, 3h; (g) PPTS, xylenes, heat. 

Scheme 3.7 

The TBDMS ether of 168 was removed rmder TBAF condition 


to give co-hydroxy oxazole intermediate, which on dye-sensitized 
photooxygenation led cleanly to the activated triamide 169. The 
triamide 169 was cyclized to the dilactone 170 in 20% yield by 
refluxing 169 with PPTS in Xylenes. Since the synthesis of antimycin 
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A 3 from the dilactone 170 is known in the literature, they stopped 
their synthesis at this stage (Scheme 3.7). 


The schematical representation of Frejd’s approach to 
antimycin A 3 is presented in Scheme 3.8. 



► Antimycin A 3 (124) 

Scheme 3.8 

The starting point of their synthesis was 2,3-anhydro-a-L- 
riboside 171, prepared from L(+)-arabinose. Reaction of 171 with 
lithium butynyl(trimethyl)aluminate afforded the 2 -deoxy- 2 -C-butynyl 
sugar 172 in 68 % yield. Chemoselective reduction of the triple bond of 
172 by Wilkinson catalyst followed by ring cleavage by EtSH in the 
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presence of ZnCli gave the acyclic diol intermediate, which on 
selective primary mesylation provided the dithio mesylate 173. 
Reduction of 173 with LiAfflU followed by condensation with N- 
carbobenzyloxy-0-f-butyl-£-threonine in the presence of DCC and 
DMAP gave the dithio ester 174. The hydroxy group of 174 was 
acylated with isovaleryl chloride and pyridine to provide 175, which on 
treatment with HgClj in the presence of CdCOj followed by oxidation 
with CrOs.pyr gave the acid 176. The acid was converted into 

109 

antimycin As 124 by a known procedure. 

There are few more syntheses”^ available for antimycin As 124 
that are not mentioned here, as they are not relevant to our work. 

In this chapter, we wish to report our efforts directed toward 
the synthesis of (+)-diplodialide A (123 A) and the macrocyclic core of 
Antimycin As 124 using ring-closing metathesis. 
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3.2. Bacl^round: 

The construction of the macrocyclic ring core of any 
macrocyclic lactone natural product is a challenging task in synthetic 
organic chemistry."^ Over the past two decades, there has been intense 
interest in the development of methodology for the formation of 
macrocyclic ring lactones, since this framework is one of the basic 
structures for natural and unnatural useful organic molecules."^ 
Although there are several methods available for macrolactonization,"^ 
the yield in the lactonization of co-hydroxy acids by using most of these 
reported reagents is not always good, even under high dilution 
conditions and the corresponding dilactones are preferentially formed 
in many cases. Very recently, olefin metathesis has been proved to be 
the highly flexible method for the construction of macrocyclic rings.* 
Hundreds of naturally occurring macrocyclic lactones have been 
synthesized using ring closing metathesis (RCM) as a key step.* 

Diplodialides (123 A-D) (Figure 3.2) are the family of ten- 
membered macrocyclic lactones isolated from the pathogenic fungus 
Diplodia pinea by Wada and co-workers.’® Among the four (123 A-D), 
diplodialide A (123 A) showed a significant inhibitory activity against 
progesterone 1 la-hydroxylase in vegetable cell cultures of Rhizopus 
stolonifer at 125 ppm.” Extensive studies have been reported in the 
literature for the construction of 10-membered lactone unit of (+/-)- 
diplodialide A (123 A),’ which include macrolactonization using 
Corey’s procedure,’®’ sulfide ring contraction,’®* intramolecular 
Reformatsky reaction’®* etc. It should be noted that in all the cases, the 
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yield of products in cyclization step was less than 30%. Boeckman 
reported the first asymmetric S3mthesis of (+)-diplodialide A (1 A) via 
intramolecular ring opening of dioxolenones by alcohol nucleophiles. 
Although, in this particular case, the 5rield of product in cyclization step 
was moderate (68%), it required veiy harsh conditions. These 
observations clearly show that there is a need for a flexible method 
towards the construction of the 10-membered lactone unit of (+)- 
diplodialide A (1 A). Since, RCM has been emerged as a powerful tool 
for the construction of macrocyclic molecules, we started working 
towards synthesis of (+)-diplodialide A (123 A) by using this 
methodology. 

During our progress towards synthesis of (+)-diplodialide A 
(123 A), we came across another interesting naturally occurring 9- 
membered dilactone called Antimycin A3 124, isolated from a number 
of Streptomyces strains.**’* In this chapter, we also discuss our efforts 
directed towards synthesis of Antimycin A3 124 using RCM approach. 
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3.3. Present Work: 

A careful retrosjoithetic analysis showed that both (+)- 
diplodialide (123 A) and (i?)-phoracantholide”* 125 could be obtained 
from a common intermediate 177 through simple steps (Scheme 3.9). 



Scheme 3.9 

The lactone 177 can be obtained from the diene ester 178 via 
ring closing metathesis. The metathesis precursor 178 can be 
constructed starting from methyl acetoacetate 180, homoallyl bromide 
179 and (i?)-3-buten-2-ol 181 through simple transformations. 

Thus, our approach towards synthesis of (+)-diplodialide (123 
A) starts from a commercially available and inexpensive methyl 
acetoacetate 180. The dianion of methyl acetoacetate 180 was treated 
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with 4-bromo-l -butene in THF at 0 “C for 4 h afforded the P-keto ester 
182 in 77% yield (Scheme 3.10). 




OMe 
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NaH.ii-BuU.THF 



HS(CH 2 ) 2 SH. 2 Equiv BF3.0Et2 
CH 2 CI 2 . RT. 12 h 

68 % 
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182 77% 


HS(CH 2 ) 2 SH. 10 mot% Cu(OTf )2 
CHjCta. RT. 8 h 

84% 



Scheme 3.10 

Next, we wanted to protect the carbonyl group and then 
hydrolyze the ester. We chose thio-ketal as the protecting group, 
because by using this protecting group it is possible to get both (+)- 
diplodialide (123 A) and (i?)-phoracantholide 125 from 177 by 
deprotection and reduction respectively (Scheme 3.9). Thus, treatment 
of 182 with ethanedithiol in the presence of 2 equivalent of BF 30 Et 2 "® 
gave the desired thioketal 183 in only 68% yield after 12 h. Since, 
thioacetalization of carbonyl compoimds is being a Lewis acid 
catalyzed transformation, we carried out the same reaction in the 
presence of catalytic amount of Cu(OTf) 2 . It was heartening to see that 
thioacetalization proceeded very smoothly and the product 184 was 
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obtained in 84% yield after 8 h (Scheme 3.10). We have done 
systematic literature survey and found that there was no report for 
thioacetalization using Cu(OTQ 2 as a catalyst. So, we explored this 
methodology by using a variety of aldehydes and ketones and the 
results will be discussed in Part B. 

Ester hydrolysis of 183 was carried out by using IN aq. LiOH 
solution in THF:H20 (2:1) mixture to give the acid 184 in 80% yield. 
The acid 184 was then condensed with (i?)-3-buten-2-ol 181 in the 
presence of DCC and DMAP to afford the diene ester 185, a substrate 
for metathesis reaction, in 71% yield (Scheme 3.1 1). 



185 

Scheme 3.11 


Ring closure reaction of 185 was carried out by using 20 mol% 
of Gmbbs catalyst 11b in refluxing CH 2 CI 2 . Unfortunately, in this case, 
no cyclized product was observed. The reason is probably due to 
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deactivation of Ru catalyst*^® by coordination of sulfur atom to fom a 
stable chelate 186 (Scheme 3.12). 



The use of second-generation catalysts, like 26, also didn’t help 
in this regard. In fact, an inseparable complex mixture of products was 
obtained when we tried to cyclize the diene 185 in the presence of 10 
mol% of 26 in refluxing CH2CI2. Then, we planned to decrease the 
coordination ability of the sulfur atoms by adding a catal)dic amount of 
BF30Et2. The logic behind this was that BF30Et2 would coordinate to 
the sulfur atoms prior to Ru catalyst and thereby reducing the 
coordination ability of sulfur towards Ru center. But surprisingly, 
exposure of 185 to 10 mol% of Grubbs catalyst 11b in the presence of 
50 mol% of BF30Et2 gave the hydrolyzed product 184 in 15% yield 
along with unreacted starting material (Scheme 3.13). Although, 
BF30Et2 is known to cleave methyl esters,*^* in our case allyl ester 
group got hydrolyzed. 
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185 


184 


Scheme 3.13 

Since, the thioacetal group gave problem in ring closure step, 
we have decided to deprotect it and then carry out the metathesis 
reaction. .We carried out the dethioacetalization of 185, by using 
various methods (Scheme 3.14). Among various methods tried, 
(diacetoxy)iodobenzene was formd to be the better reagent for this 
transformation. Thus, treatment of 185 with 1.5 equivalent of 
(diacetoxy)iodobenzene in MeOH-Water mixture gave the desired P- 
ketoester 187 in 35% yield. 



Deprotection 


Conditions: 1. CAN, 75% aq. CH 3 CN, RT, 30 min. Decomposition*^* 

2 . Chloramine-T, 25% aq. MeOH, RT. No Reaction’^^'’ 

3. H 5 IO 6 , Me 0 H:H 20 , RT. <25% Product'^' 



4. Bi(N 03 ) 3 . 5 H 20 , QH*, RT. No Reaction*^'' 

5. NBS, H 2 O, RT. <30% Pioduct'^® 


6 . Clayan, CH 2 CI 2 , RT. No Reaction*^^*’ 


7. Hg(OAc) 2 . CH 2 CI 2 , RT. Decomposition'^® 

8 . PhI(OAc) 2 , Me 0 H:H 20 , RT. 35% Product'^'* 


Scheme 3.14 

The cyclization of 187 in the presence of 10 mol% of lib in 
refluxing CH 2 CI 2 again gave a complex mixture of products, which 
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were not separable in column chromatography. The addition of 
Ti('PrO) 4 *^ also didn’t help to get clean reaction products (Scheme 


3 . 15 ). 



10 moi% of 1 1 b, CH 2 CI 2 Complex Mixture of 

Reflux Products 


10mol%of11b.CH2Cl2 

Reflux 


Complex Mixture of 
Products 


Scheme 3.15 

Since, the unprotected ketone in 187 also gave problem in 
cyclization step, we decided to change the protective group. This time, 
we chose simple acetal as the protecting group. Thus, treatment of 182 
with ethylene glycol in the presence of a catalytic amount of />-TSA 
gave the desired ketal 189 in 83% yield. The methyl ester group of 189 
was hydrolyzed using IN aq. LiOH solution to provide the acid 190 in 
94% yield (Scheme 3.16). 
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THF-H20. 
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Scheme 3.16 


The acid 190 on Mitsunobu reaction with (5)-3-butyn-2-ol in 
the presence of DIAD and PPhs provided the alkyne ester 191, which 
on Lindlar reduction with Pd/CaCOs in the presence of catalytic 
amount of quinoline under H 2 atm gave the metathesis precursor 192 in 
90% yield (Scheme 3.17). 



190 


QH 

DIAD, PPha, Ether 
O^CtoRT, 12h 


67% 



H 2 1 atm 
Pd/CaCOa, 

Hexane: ethanol (1 :1 ), 
1 h, 

90 % 



Scheme 3.17 
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We then carried out cyclization of the diene ester 192 in the 
presence of 20 mol% of Grubbs catalyst lib in refluxing benzene under 
high dilution conditions, but unfortunately we again got a complex 
mixture of products. But the same reaction when we carried out in the 
presence of 10 mol% of the second generation Grubbs catalyst 26, we 
got the desired cyclized product 193 as a mixture of cis and trails 
isomers which was directly reduced with Pd/C imder H 2 atmosphere 
(30 psi) to provide the saturated lactone 194 in 88% yield (Scheme 
3.18). 



Scheme 3.18 

Deprotection of the ketal moiety in 194 using catalytic amount 
of p-TSA in wet acetone gave the P-keto lactone 195 in 91% yield 
(Scheme 3.19). Since, the conversion of 195 to (+)-diplodialide A (123 
A) is known in the literature,*®* we stopped our S 5 mthesis at this stage. 
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194 195 123 A 


Scheme 3.19 

Finally, we have achieved a formal synthesis of (+)- 
diplodialide A (123 A) using ring closing metathesis as a key step. The 
overall yield of the p-ketolactone 195 by our method is 29%, which is 
very high in comparison with other literature known methods.'®’’’®^ 

During our progress towards synthesis of (+)-diplodialide A 
(123 A), we came across another interesting molecule Antimycin A 3 
124, which is a 9-membered dilactone natural product isolated from a 
number of Streptomyces strains.*®* Since, there is no report in the 
literature for the synthesis of this molecule using RCM, we started 
working towards synthesis of the macrocyclic core of antimycin A 3 by 
^plying this methodology. 

Since, the conversion of tte macrocycle 170 to antimycin A 3 is 
known in the literature, we have chosen 170 as omr target. A careful 
retrosynthetic analysis of 170 showed that it could be obtained from the 
dilactone epoxide 196 through epoxide ring opening with butyl cuprate 
followed by addition of isoveileryl chloride (Scheme 3.20). The 
dilactone epoxide 196 can be formed by epoxidation of cis-a,^ 
unsaturated dilactone 197, which in turn, can be obtained from an 
acyclic diene 198 via ring closing metathesis. The acyclic diene could 
be prepared from Z.-threonine 199, a commercially available amino 
acid, through simple steps. 
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199 

Scheme 3.20 

First, the starting material X-threonine 199 was converted into 
its corresponding Cbz-derivative 200 by literature known procedure.'^'' 
Treatment of 200 with TBDMS-CI in the presence of imidazole gave 
the silyl ether protected acid 201 in 61% yield (Scheme 3.21).“^'’ 
Esterification of 201 with (S)-3-butyn-2-ol in the presence of E>CC and 
DMAP afforded the desired alkyne ester 202 in 71% 3 deld. The silyl 
ether group of alkyne ester was deprotected with TBAF-H 2 O in THF to 
provide the hydroxy alkyne ester 203 in 61% yield (scheme 3.21). 
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TBPMS-CI, Imidazole 


DMF.0®C-RT,12h 

61% 



201 


OH 



DCC, DMAP, CH2a2 
0 °C-RT, 12 h 
71% 



203 


TBAF-H 2 O 

THF,0°C-RT.8h 

61% 


Scheme 3.21 



202 


Selective Lindlar reduction of the alkyne moiety in 203 was 
achieved with a catalytic amount of Pd/CaCOs in H 2 atmosphere (1 
atm) to give 87% yield of the hydroxy alkene 204, which was 
acroylated with acryloyl chloride and triethyl amine to afford the diene 


ester 198, a metathesis precursor, in 62% yield (Scheme 3.22). 



203 


H 2 (tattn). Pd/CaC 03 


Hexane;EtOH (1:1), 4 h 
87% 



204 


B3N, CH2CI2 
0 °C to RT, 6 h 
62% 



Scheme 3.22 
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The ring closing metathesis reaction of 198 was carried out by 
exposing 198 to the second generation Grubbs catalyst 26 (10 mol%) in 
refluxing benzene under high dilution conditions. It was found that the 
cyclized product 197 was obtained in 80% 5 deld as a 1 : 1 mixture of cis 
and trans isomers (Scheme 3.23). 



We temporarily stopped our synthesis at this stage. Since, only 
the Z-isomer (Z-197) can be converted to the natural Antimycin A 3 , 
further investigation to improve the E/Z ratio of products is currently 
under progress in our laboratory. 

In conclusion, we have accomplished a formal sjmthesis of (+)- 
diplodialide A (123 A) from readily available starting materials. The 
macrocyclic lactone core of (+)-diplodialide A (123 A) was constructed 
in high yield using ring closing metathesis (RCM) strategy. We have 
also made a RCM based approach to the synthesis of the macrocyclic 
core of antimycin A 3 (124). In the case of antimyciim A 3 synthesis. 
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further investigation to improve the Z/E ratio of the cyclized product is 
currently imder progress. 



OCCUOIi: 

The common materials and methods have aheady been given in 
the experimental section of the chapter 2. Part A. HMPA was distilled 
over CaHa and stomd over 4 A molecular sieves. Benzene and ether 
were distilled fiom sodium benzophenone ketyl under nitrogen n-BuLi 
was obtained torn CHEMETALL GmbH Ltd. 1,2-ethanedithioI. 
Cn(OTf) 2 , DIAD, benzylidine [l,3-bis(2,4,6-trimethyIphenyI)-2. 
.midazolinylidene] dichloro-ftricyclohexyl phosphine) nithenim^ 
BFj OEti, and actyloyl chloride were obtained from Fluka and used as 
received. (5>34,ytyne-2-ol was obtained fiom Lancaster. Lindlar 
catalyst was obtained flom Aldrich Chem. Company. 

3-Oio.^.7^„«,e add methyl ester 182: Methyl acetoacetate 180 
(O mL. 44.4 mmol) was added drop-wise te a sthred suspension of 
NaH (60 % suspension in mineral oU) (2.13 g, 53.3 mmol) in amixture 
of nuAydrons THF (90 mL) and HMPA (10 mL) at 0 "C. After being 
Sbrred for 10 minutes. n-BuLi (15% w/v solution in hexane, 21 mL, 
48.9 mmol) was added drop-wise to it at 0 »C and the resulting yellow’ 

solnnon was stirred for ftrther 10 min. A solution of 4-bromo-l-butene 
179 (2.3 mL, 22.2 mmol) in mihydrom THF was then added drop-wise 
10 tt and the resulting heterogeneous mixture was sthred at 0 "C for 
fteher 4 h. It was wanned to tt and quenched with satumted aqueous 
NHiCl solution. The organic layer was separated and the aqueous layer 
was exnacted with ether. The combined organic layer was washed with 
satumted brine solution and dried over arO^aus NaiSO. Evaporation 
e solvent under vncno gave the crude product, which on 
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purification over silica gel column using 2% EtOAc in petroleum ether 
gave the pure compound 182 as colorless oil. Yield 2.9 g (77 %); i?/ 
0.65 (20% EtOAc in petroleum ether); FT IR (neat) 1750, 1644 cm'*; 
*H NMR (400 MHz, CDCI3) S 1.70 (quintet, /= 7.6 Hz, 2H), 2.07 (q, / 
= 7.3 Hz, 2H), 2.55 (t, 7.3 Hz, 2H), 3.45 (s, 2H), 3.74 (s, 3H), 4.97- 

5.06 (m, 2H), 5.71-5.82 (m, IH); NMR (100 MHz, CDCI3) 5 22.35, 
32.76, 42.08, 49.04, 52.30, 115.40, 137.67, 167.61, 202.53; MS (ES): 
171 (M^+1); Anal. Calcd. for CsHmOj: C, 63.53; H, 8.23. Found; C, 
63.42; H, 8.08. 

(2-Pent-4-enyl-[l,3]dithioIan-2-yl)-acetic acid methyl ester 183: 
Cu(OTf)2 (106 mg, 0.29 mmol) was added to a solution of ketoester 
182 (500 rag, 2.9 mmol) and 1,2-ethanedithiol (296 pL, 3.5 mmol) in 
anhydrous CH2CI2 at rt and stirred at ambient temperature for further 8 
h. The reaction mixture was then diluted with CH2CI2 and washed with 
15% NaOH solution followed by saturated brine solution and dried 
over anhydrous Na2S04. Evaporation of solvent gave crude compound, 
which on purification over silica gel column using 5% EtOAc in 
petroleum ether provided the pure thioketal 183 as colorless oil. Yield 
608 mg (84%); R/0.50 (10% EtOAc in petroleum ether); FT IR (neat) 
1739 cm'*; *H NMR (400 MHz, CDCI3) 6 1.60-1.63 (m, 2H), 2.06-2.14 
(m, 4H), 3.05 (s, 2H), 3.30 (s, 4H), 3.70 (s, 3H), 4.95-5.05 (m, 2H), 
5.75-5.85 (m, IH); *^C NMR (100 MHz, CDCI3) ^26J5, 33.58, 39.65, 
42.02, 47.99, 51.68, 66.96, 114.84, 138.32, 170.52; MS (ES): 247 
(M^+1); Anal. Calcd. for CnHigOzSj: C, 53.65; H, 7.32. Found: C, 
53.60; H, 7.29. 
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(2-Pent-4-enyl-[l^]dithiolan-2-yl)-acetic add 184: A solution of IN 
aqueous LiOH (20 mL, 20.0 mmol) was added drop-wise to a solution 
of methyl ester 183 (500 mg, 2.0 mmol) in THF (40 mL) and water (20 
ml) mixture at 0 °C. The reaction mixture was then slowly warmed to rt 
and stirred for additional 6 h. It was again cooled to 0 °C, neutralized 
with 2N HCl and extracted with EtOAc. The combined organic layer 
was washed with saturated brine solution and dried over anhydrous 
Na 2 S 04 . Evaporation of the solvent imder vacuo followed by 
purification over silica gel colmnn using 30% EtOAc in petroleum 
ether gave the prue acid 184 as a pale yellow solid. Yield 370 mg 
(80%); mp 79-81 °C; 22/0.50 (50% EtOAc in petroleum ether); FT IR 
(KBr) 3066-2741 (br), 1709 cm‘‘; NMR (400 MHz, CDCI3) d 1.52- 
1.59 (m, 2H), 1.99-2.08 (m, 4H), 3.04 (s, 2H), 3.25 (s, 4H), 4.90 (td,7= 
10.2, 1.2 Hz, IH), 4.96 (qd, J= 17.1, 1.5 Hz, IH), 5.69-5.77 (m, IH); 

NMR (100 MHz, CDCI 3 ) S 26.31, 33.51, 39.68, 41.96, 47.96, 
66.55, 114.89, 138.19,175.62; MS (ES): 233 (M^+1); Anal. Calcd. for 
C 10 H 16 O 2 S 2 : C, 51.72; H, 6.90. Found: C, 51.74; H, 6.84. 
(2-Pent-4-enyl-[l,31dithiolaii-2-yl)-acetic acid (l/?)-methyl-aIIyl 
ester 185: A solution of DCC (290 mg, 1.4 mmol) in anhydrous 
CH 2 CI 2 (1 mL) was added drop-wise to a stirred solution of the acid 
184 (295 mg, 1.27 mmol), (2?)-3-buten-2-ol 7 (132 pL, 1.53 mmol) and 
4-DMAP (117 mg, 0.95 mmol) in anhydrous CH 2 CI 2 (4 mL) at 0 °C. 
After being stirred for additional 12 h at rt, the reaction mixture was 
filtered through a pad of celite and the filtrate was washed with water, 
saturated brine solution and dried over anhydrous Na 2 S 04 . Solvent was 
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evaporated imder reduced pressure to get crude material, which on 
purification over silica gel column using 2% EtOAc in petroleum etiher 
to give pure ester 185 as colorless oil. Yield 258 mg (71 %); 0.60 

(10% EtOAc in petroleum ether); [a]“D+6.50 (c 1.75, CHCI 3 ); FT IR 
(neat) 1733 cm'‘; *H NMR (400 MHz, CDCI3) S 1.33 (d, J “ 6.4 Hz, 
3H), 1.59-1.64 (m, 2H), 2.05-2.14 (m, 4H), 3.05 (s, 2H), 3.29 (s, 4H), 
4.96 (td, 10.2, 1.0 Hz, IH), 5.02 (qd, J= 17.0, 1.7 Hz, IH), 5.15 (td, 
J= 10.8, 1.2 Hz, IH), 5.27 (td,y= 17.1, 1.2 Hz, IH), 5.35-5.41 (m, 
IH), 5.75-5.89 (m, 2H); ‘'C NMR (100 MHz, CDCI 3 ) -5 19.89, 26.33, 
33.57, 39.55, 42.18, 48.32, 67.03, 71.41, 100.54, 114.81, 116.09, 
137.40, 138.30, 169.20; MS (ES): 287 (M^+I); Anal. Calcd. for 
C,4H2202S2: C, 58.74; H, 7.69. Found: C, 58.70; H, 7.68. 
(2-Pent-4-enyI-(ly3]dioxolan-2-yI)-acetic acid methyl ^ter 189: A 
solution of ketoester 182 (400 mg, 2.4 mmol), ethylene glycol (395 
7.1 mmol) and p-TSA (45 mg, 0.24 mmol) in anhydrous benzene was 
refluxed at 90 °C for 8 h. During the reaction, the bmzeiv>-water 
azeotrope was removed using Dean-Staric apparatus. The reaction 
mixture was then washed with saturated aqueous NaHCXDs solution 
followed by saturated brine solution, and dried over anhydrous NaaSO^. 
Evaporation of the solvent followed by purification over silica gel 
column using 5% EtOAc in petroleum ethor gave pure ketal 189 as 
colorless oil. Yield 417 mg, (83%); 1^0.35 (10% EtOAc in petroleum 
ether); FT IR (neat) 1739 cm'’; ‘H NMR (400 MHz. CDCI3) S 1.47- 
1.54 (m, 2H), 1.79-1.84 (m, 2H), 2.07 (q, 6.8 Hz, 2H), 2.66 (d. / = 

1.9 Hz, 2H), 3.69 (d, 1.9 Hz. 3H), 3.94-4.00 (m. 4H), 4.95 (td, /= 
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10.3, 1.0 Hz, IH), 5.01 (td, J= 17.1, 1.4 Hz, IH), 5.74-5.85 (m, IH); 

NMR (100 MHz, CDCI3) S 22.69, 33.56, 37.04, 42.38, 51.66, 
65.05, 109.22, 114.62, 138.42, 169.89; MS (ES): 215 (M^+1); Anal. 
Calcd. for CiiHi804: C, 61.68; H, 8.41. Found: C, 61.42; H, 8.53. 
(2-Pent-4-enyI-[l,3Idioxolan-2-yl)-acetic acid 190: A solution of IN 
aqueous LiOH (13.0 mL, 13.0 mmol) was added drop-wise to a 
solution of methyl ester 189 (280 mg, 1.3 mmol) in THF (30 mL) and 
water (15 mL) mixture at 0 °C. The reaction mixture was then slowly 
warmed to rt and stirred for additional 8 h. It was again cooled to 0 °C, 
neutralized with 2N HCI and extracted with EtOAc. The combined 
organic layer was washed with saturated brine solution and dried over 
anhydrous Na 2 S 04 . Evaporation of the solvent followed by purification 
over silica gel column using 30% EtOAc in petroleum ether gave the 
pure acid 190 as colorless oil. Yield 245 mg (94 %); Rf 0.50 (neat 
EtOAc); FT IR (neat) 3065-2894 (br), 1716 cm'"; 'H NMR (400 MHz, 
CDCI3) 5 1.47-1.55 (m, 2H), 1.79-1.84 (m, 2H), 2.07 (bq, 7.3 Hz, 
2H), 2.71 (s, 2H), 3.98-4.06 (m, 4H), 4.96 (dd, /= 10.2, 1.2 Hz, IH), 
5.01 (dd, J= 17.1, 1.5 Hz, IH), 5.74-5.84 (m, IH); NMR (100 
MHz, CDCI3) <5 22.72, 33.53, 36.91, 42.30, 65.11, 109.19, 114.86, 
138.29, 173.46; MS (ES): 201 (M*^+l); Anal. Calcd. for C,oH,604: C, 
60.0, H, 8.0. Found: C, 59.83; H, 8.12. 
(2-Pent-4-enyl-[l,3]dioxolaii-2-yl)-acetic add (lif)-methyl-prop- 2 - 

ynyl ester 191: A solution of (S)-3-bulyn-2-ol (240 pL, 3.0 mmol) and 
PPh 3 (656 mg, 2.5 mmol) in anhydrous ether (3 mL) was added drop- 
wise to a solution of the acid 190 (500 mg, 2.5 mmol) and diisopropyl 
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azadicarboxylate (DIAD) (485 |xL, 2.5 mmol) in anhydrous ether (3 
mL) at 0 °C. After being stirred for 12 h at rt, the reaction mixture was 
filtered through a pad of celite to remove triphenylphosphine oxide and 
the filtrate was concentrated under vacuum to give crude material, 
which on purification over silica gel column using 5% EtOAc in 
petroleum ether gave pure ester 191 as colorless oil. Yield 420 mg 
(67%); i?/0.50 (10% EtOAc in petroleum ether); [a]^^D- 44.5 (c 1.15, 
CHCI3); FT IR (neat) 3301, 2123, 1739 cm *; *H NMR (400 MHz, 
CDCI3) <5 1.47-1.55 (m, 2H), 1.51 (d, /= 6.8 Hz, 3H), 1.79-1.84 (m, 
2H), 2.07 (bq, y= 7.1 Hz, 2H), 2.45 (d, 7= 2.2 Hz, IH), 2.68 (s, 2H), 
3.94-4.04 (m, 4H), 4.95 (dd, 7= 10.2, 1.0 Hz, IH), 5.01 (dd, 7= 17.1, 
1.4 Hz, IH), 5.47 (dq, 7= 6.6, 1.9 Hz, IH), 5.75-5.85 (m, IH); 
NMR (100 MHz, CDCI3) <5 21.13, 22.71, 33.59, 37.28, 42.54, 60.03, 
65.13, 72.85, 81.94, 109.28, 114.70, 138.45, 168.26. Anal. Calcd. for 
C14H20O4: C, 66.67; H, 7.94. Found: C, 66.73; H, 7.88. 
(2-Pent-4-enyI-[l,3]dioxolan-2-yl)-acetic acid (lii!)-methyl-allyl 
ester 192: Quinoline (1 mL of a stock solution [40 pL quinoline in 20 
mL of hexane]) and the alkyne 191 (770 mg, 3.05 mmol) were 
dissolved in hexane (5 mL) and ethanol (5 mL) mixture. Commercially 
available Lindlar catalyst [Pd/CaC03] (100 mg) was added to it and the 
resulting suspension was stirred for 1 h under an atmosphere of H2 (1 
atm). The catalyst was filtered off through a pad of celite, solvent was 
evaporated and the residue was purified over silica gel column using 
5% EtOAc in petroleum ether to give pure diene 192 as colorless oil. 
Yield 700 mg (90%); Rf 0.30 (10% EtOAc in petroleum ether); [aj^n 
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-14.70 (c 1.05, CHCI3); FT IR (neat) 1735 cm"*; ‘H NMR (400 MHz, 
CDCI3) S 1.32 (d, J= 6.3 Hz, 3H), 1.47-1.55 (m, 2H), 1.79-1.84 (m, 
2H), 2.07 (bq, 7.3 Hz, 2H), 2.65 (s, 2H), 3.94-4.02 (m, 4H), 4.95 
(qd, J== 10.3, 1.2 Hz, IH), 5.01 (qd, 17.3, 1.7 Hz, IH), 5.14 (td,7= 
10.5, 1.2 Hz, IH), 5.27 (td, 17.3, 1.5 Hz, IH), 5.34-5.41 (m, IH), 
5.75-5.89 (m, 2H); NMR (100 MHz, CDCI3) 5 19.83, 22.74, 33.64, 
37.19, 42.79, 65.05, 71.08, 109.35, 114.66, 115.85, 137.49, 138.49, 
168.68; MS (ES): 255 (M^+1); Anal. Calcd. for C14H22O4: C, 66.14; H, 
8.66. Found: C, 66.39; H, 8.65. 

(9i?)-MethyI-l,4,8-trioxa-spiro(4.9]tetradecan-7-one 194: A solution 
of ruthenium carbene H (167 mg, 0.197 mmol) in anhydrous benzene 
(100 mL) was added drop-wise to a solution of diene 192 (500 mg, 1 .97 
mmol) in anhydrous benzene (100 mL) at 80 °C over a period of 4 h. 
After being stirred for additional 6 h at reflux temperature, the solvent 
was evaporated and the crude material was filtered through a pad of 
silica gel. The solvent was removed under reduced pressure and the 
residue (435 mg) was redissolved in EtOH (30 mL) and taken in a 
hydrogenation flask. Pd/C (80 mg) was added to it. The reaction flask 
was then fixed in hydrogenation apparatus and hydrogenated under H2 
pressure (30 psi) for 8 h. It was filtered and washed with EtOH. The 
solvent was removed under reduced pressure and the crude residue on 
purification over silica gel column using 25% EtOAc in petroleum 
etiier gave pure macrolactone 19 as viscous liquid. Yield 395 mg (88 
%); Rf 0.65 (40% EtOAc in petroleum ether); [a]^^D + 4.29 (c 0.70, 
CHCI3); FT m. (neat) 1730 cm ’; ‘H NMR (400 MHz, CDCI3) <5 1.21 (d. 
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J= 6.1 Hz, 3H), 1.24-1.59 (m, 8H), 1.71-1.80 (m, 2H), 2.56-2.66 (m, 
2H), 3.95-3.99 (ra, 4H), 4.95-4.98 (m, IH); NMR (100 MHz, 
CDCI3) <5 19.86, 24.02, 24.80, 29.78, 35.75, 37.08, 42.50, 64.62, 64.90, 
70.90, 109.19, 169.04; MS (FAB): 229 (M^+1); Anal. Calcd. for 
Ci 2H2 o 04: C, 63.16; H, 8.77. Found: C, 63.11; H, 8.49. 
(9i?)-3-Oxodecan-9-olide 195.*®* /j-TSA (20 mg, 0.11 mmol) was 
added to a solution of the acetal 194 (120 mg, 0.52 mmol) in wet 
acetone (3 mL) at room temperature. After being stirred for 6 h at rt, the 
solvent was evaporated and the residue was directly loaded on a silica 
gel column and chromatographed using 20% EtOAc in petroleum ether 
to give P-ketolactone 195 as low melting solid. Yield 88 mg (91 %); Rf 
0.65 (40% EtOAc in petroleum ether); [a]^^D +34.0 (c 1, CHCI3); FT IR 
(KBr) 1734, 1644 cm'*; *H NMR (400 MHz, CDCI3) S 1.23 (d, J= 6.4 
Hz, 3H), 1.26-1.33 (m, 4H), 1.50-1.69 (m, 4H), 2.45-2.63 (m, 2H), 3.41 
(s, 2H), 4.93-5.01 (m, IH); MS (FAB): 185 (IVT+I); Anal. Calcd. for 
CioH, 603: C, 65.22; H, 8.70. Found: C, 65.46; H, 8.62. 

<9-tert-butyl dimethyl silyl-A^-benzyloxy carbonyl (L)-threonine 
201:**^*’ A solution of TBDMS-Cl (3.1 g, 20.4 mmol) in anhydrous 
DMF (5 mL) was added drop-wise to a solution of A’-cbz-L-threonine*^'* 
(200) (4.3 g, 17.0 mmol) and imidazole (2.3 g, 34.0 mmol) in 
anhydrous DMF (10 mL) at 0 °C. The resulting solution was slowly 
warmed to rt and stirred for 12 h. The reaction mixture was diluted with 
water (15 mL) and extracted with EtOAc. The combined organic layer 
was washed with saturated brine solution and dried over anhydrous 
Na2S04. Evaporation of the solvent followed by purification over silica 




122 


Part A: Chapter 3 


gel colunm using 50% EtOAc in petroleum ether gave pure product 
201. Yield 3.8 g (61%); White solid, mp 156-158 °C (lit"^** 154-157 
°C); i?/0.45 (50% ethyl acetate in petroleum ether); [aj^o +10.3 (c 1 
CHCI3) {lit"2^ [a]“D +10.5 (c 1.69, CHCI3)}; 'H NMR (400 MHz, 
CDCI3) <5 0.09 (s, 3H), 0.10 (s, 3H), 0.87 (s. 9H), 1.21 (d, J= 6.4 Hz, 
3H), 4.33 (dd, J= 8.1, 2.5 Hz, IH), 4.48 (dq, /= 6.1, 2.4 Hz, IH), 5.14 
(s, 2H), 5.53 (bd, J= 8.0 Hz, IH, NH), 7.33-7.38 (m, 5H); NMR 
(100 MHz, CDCI3) <5 -5.26, -4.62, 17.83, 19.63, 25.61, 59.21, 67.25, 
68.45, 128.14, 128.27, 128.57, 136.29, 156.49, 173.93. 

(25,32?, lY)-2-BenzyIoxycarbon3flainino-3-(t-butyI-dimethyI- 

saanyl)-butyric acid l-methyl-prop-2-ynyl ester 202: A solution of 
DCC (1.24 g, 6.0 mmol) in anhydrous CH2CI2 (5 mL) was added drop- 
wise to a solution (5)-3-bytyn-2-ol (520 pL, 6.56 mmol), acid 201 (2.0 
g, 5.46 mmol) and 4-DMAP (668 mg, 5.46 mmol) in anhydrous CH2CI2 
(15 mL) at 0 °C . The resulting suspension was slowly warmed to rt 
and stured for 12 h. The reaction mixture was then filtered through a 
pad of celite and the filtrate was washed with water, saturated brine 
solution and dried over anhydrous Na2S04. Evaporation of the solvent 
gave crude material, which on purification over silica gel column using 
5%. EtOAc in petroleum ether gave pure ester 202. Yield 1.62 g (71 %); 
colorless gel; Rf 0.50 (10% EtOAc in petroleum ether); FT IR ( film ) 
3446, 3303, 2124, 1732 cm’’; (o]“d+24.5 (c 1, CDCI3); ‘H NMR (400 
MHz, CDCI3) <5-0.04 (s, 3H), 0.00 (s, 3H), 0.79 (s, 9H), 1.17 (d, 7 = 
6.4 Hz, 3H), 1.46 (d, J= 6.8 Hz, 3H), 2.41 (d, 7= 4.0 Hz, IH), 4.24 
(dd,7= 9.8 Hz, IH), 4.40 (dq,7= 6.1, 1.7 Hz, IH), 5.1 (d, 7= 1.5, 2H), 
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5.35-5.42 (m, 2H), 7.21-7.36 (m, 5H); ‘^C NMR (100 MHz, CDCI3) S- 
5.22, -4.24, 17.81, 20.85, 21.17, 25.66, 59.95, 61.16, 67.07, 68.67, 
73.52, 81.50, 127.88, 128.09, 128.15, 128.52, 136.24, 156.63, 169.79. 
MS (FAB): 420 (M^+1). Anal. Calcd. for CjaHasNOsSi: G, 63.01; H, 
7.88; N, 3.34. Found: C, 62.89; H, 7.83; N, 3.29. 
(25,3J?,15)-2-Benzyloxycarbonylamino-3-hydroxy-butyric acid 1 
methyl-prop-2-ynyl ester 203: TBAF (IM solution in THF with 5% 
water) (5.4 mL, 5.4 mmol) was added to a solution of silyl ether 202 
(1.5 g, 3.6 mmol) in anhydrous THF (10 mL) at 0 °C. After being 
stirred for 8 h at it, the reaction mixture was quenched by adding 
saturated NH4CI solution and extracted with EtOAc. The combined 
organic layer was washed with saturated brine solution and dried over 
anhydrous Na2S04. Evaporation of the solvent followed by purification 
over silica gel column using 30% EtOAc in petroleum ether gave pure 
alcohol 203. Yield 670 mg (61%); Colorless oil; RfO.lO (50% EtOAc in 
petroleum elher); [aj^o +24.7 (c 1.9, CHCI3); FT IR (fihn) 3419 (hr), 
3299, 2123, 1728 cm*'; ‘H NMR (400 MHz, CDCI3) 6 1.25 (d, J= 6.4 
Hz, 3H), 1.51 (d, 6.8 Hz, 3H), 2.48 (d, /= 1.8 Hz, IH), 4.34-4.36 

(m, 2H), 5.13 (s, 2H), 5.49 (bq, 6.4 Hz, IH), 5.63 (bd, J= 7.6 Hz, 
IH) 7.29-7.37 (m, 5H); NMR (100 MHz, CDCI3) 6 19.95, 21.05, 
59.16, 61.49, 67.19, 68.14, 73.68, 81.31, 128.02, 128.18, 128.52, 
136.10, 156.65, 169.95; MS (FAB): 306 (NT+I). CisHisNOj: C, 62.95; 
H, 6.23; N, 4.59. Found: C, 62.91; H, 5.99; N, 4.58. 
(2^^jR,liS)-2-Beiizyloxycarbonylainino-3-hydroxy-butyric acid 1- 
methyl-allyl ester 204: Quinoline (400 pL [A stock solution prepared 
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by dissolving 40 |iL of quinoline in 20 mL hexane]) was added to a 
suspension of alkyne 203 (500 mg, 1.64 mmol) and commercially 
available Lindlar catalyst Pd/CaCOa (100 mg) in EtOH (5 mL) and 
hexane (5 mL) mixture at rt and stirred for 4 h imder an atmosphere of 
H2 (1 atm). It was filtered through a pad of celite, solvent w^ 
evaporated on rotary evaporator and the residue on purification over 
silica gel using 20% EtOAc in petroleum ether gave pure alkene 204. 
Yield 440 mg (87%). Colorless ofi; Rf 0.50 (30% EtOAc in petroleum 
ether); [a]\ - 4.5 (c 2, CHCI3); FT IR (film) 3424 (br), 1721 cm'*; ‘H 
NMR (400 MHz, CDCI3) S 1.25 (d, J = 6.4 Hz, 3H), 1.33 (d, J = 6.6 
Hz, 3H), 1.98 (bs, IH), 4.31- 433 (m, 2H), 5.13 (s, 2H), 5.15 (d, 7 = 
10.8 Hz, IH), 5.27 (d, J= 17.3 Hz, IH), 5.41 (quintet, 7= 6.4 Hz, IH), 
5.57 (bs, IH), 5.79-5.87 (m, IH), 7.30-7.37 (m, 5H); NMR (100 
MHz, CDCI3) S 19.79, 19.94, 59.18, 67.16, 68.18, 72.66, 116.53, 
128.04, 128.19, 128.53, 136.17, 136.84,157.82, 170.32; MS (FAB): 308 
(M^+1). Anal. Calcd. for CieHjjNOs: C, 62.54; H, 6.84; N, 4.56. 
Found; C, 62.53; H, 6.52; N, 4.49. 

(3jR,2S',15)-3-AcryIoyloxy-2-benzyloxycarbonylamiiio-butyric acid 
1-methyI-allyl ester 198: Acryloyl chloride (70 pL, 0.85 mmol) was 
added in a drop-wise manner to a solution of hydroxy ester 204 (200 
mg, 0.65 namol) and Et3N (136 pL, 0.98 mmol) in anhydrous CH2CI2 
at 0 °C and the resulting solution was stirred at RT for 6 h. The 
reaction m ixture was diluted with CH2GI2, washed with 0.1 A aq HCI 
solution, water, saturated brine solution and dried over anhydrous 
Na2S04. Evaporation of the solvent followed by purification over silica 
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gel column using 5% EtOAc in petroleum ether gave pure product 198 
as a colorless oil. Yield 157 mg (67%); Rf 0.5 (20% EtOAc in 
petroleum ether); FT IR (neat) 3423, 1743, 1719 cm'‘; [a]^^D+17.8 (c 
0.55, CHCI3); ‘H NMR (400 MHz, CDCI3) S 1.26 (d, 6.6 Hz, 3H), 

1.34 (d, 6.4 Hz, 3H), 4.54 (dd, /= 9.6, 2.4 Hz, IH), 5.10 (d, J = 

10.4 Hz, IH), 5.15 (s, 2H), 5.20 (d, J= 17.2 Hz, IH), 5.35 (quintet, J= 
6.8 Hz, IH), 5.48-5.50 (m, 2H), 5.69-5.77 (m, IH), 5.81 (d, /= 10.8 
Hz, IH), 6.02 (dd, J= 17.2, 10.4 Hz, IH), 6.35 (d, J= 17.2, IH); 
NMR (100 MHz, CDCI3) S 16.84, 19.75, 57.86, 67.36, 70.88, 72.99, 
116.93, 127.88, 128.17, 128.31, 128.59, 131.48, 136.07, 136.69, 
156.55, 164.72, 168.94; MS (FAB): 362 (M"+l). 

Cyclization of 198. A solution of ruthenium carbene (12 mg, 0.014 
mmol) in anhydrous benzene (20 mL) was added drop-wise manner to 
a solution of diene ester 198 (50 mg, 0.14 mmol) in anhydrous benzene 
(50 mL) at 80 °C over a period of 1.5 h. After being stirred for further 
6.5 h, the reaction mixture was cooled to rt. The solvent was evaporated 
in vacuo and the crude material was purified through silica gel column 
using 10-20% EtOAc in petroleum ether to give the cyclized products 
CZ5-197 and trans-\91. Yield 37 mg (80 %). 

cis-197: 18 mg; white solid; 118-120 °C; Rf 0.6 (40% EtOAc in 
petrolexun ether); [a]^^D +2.6 (c 0.5, CHCI3); ^H NMR (400 MHz, 
CDCI3) 5 1.26 (d, J= 6.1 Hz, 3H), 1.34 (d, J= 6.3 Hz, 3H), 4.61 (dd, J 
= 9.0, 2.2 Hz, IH), 5.13-5.15 (m, 2H), 5.28-5.30 (m, IH), 5.39-5.42 (m, 
2H), 5.62 (bdd, J= 3.9, 1.2 Hz, IH), 6.70 (s, IH), 136-1 Ad (m, 5H); 

NMR (100 MHz, CDCI3) 5 15.70, 20.52, 57.54, 67.44, 71.56, 
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72.57, 128.26, 128.40, 128.60, 130.71, 133.46, 135.87, 155.96, 163.19, 
168.42. 

Trans-191: 19 mg; Viscous paste; Rf 0.55 (40% EtOAc in petroleum 
ether); [a]^^D -18.4 (c 0.25, CHaa); 'H NMR (400 MHz, CDCI3) S 
1.30 (d, J= 6.8 Hz, 3H), 1.38 (d, J= 6.1 Hz, 3H), 4.59 (d, J= 10.0 Hz, 
IH), 5.18 (AB q, /= 12.0 Hz, 2H), 5.47-5.52 (m, 2H), 5.65-5.67 (m, 
IH), 5.73 (dd, 15.4, 1.5 Hz, IH), 6.92 (dd, J= 15.4, 2.9 Hz, IH), 
7.36-7.38 (m, 5H); NMR (100 MHz, CDCI3) <5 16.61, 19.62, 58.49, 
67.55, 69.46, 71.71, 85.39, 117.73, 128.17, 128.31, 128.51, 128.67, 
135.94, 148.15, 164.17. 



Figure 3.1 ‘H NMR spectrum of 182 
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Figure 3.2 '^C NMR spectrum of 182 





Figure 3.3 'H NMR spectrum of 183 
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Figure 3.4 ‘^C NMR spectrum of 183 





Figure 3,5 NMR spectrum of 184 
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Figure 3.6 NMR spectrum of 184 





Figure 3.7 *H NMR spectrum of 185 







Figure 3.9 NMR spectrum of 189 





136 


Part A: Chapter 3 



Figure 3.10 '^C NMR spectrum of 185 






Figure 3.11 ‘H NMR spectrum of 190 






Figure 3.12 ‘^C NMR spectrum of 190 
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Figure 3.14 ‘^C NMR spectrum of 191 




Figure 3.15 'H NMR spectram of 192 





Figure 3.16 '^C NMR spectrum of 192 






Figure 3.19 'H NMR spectrum of 195 
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Figure 3.20 'H NMR spectrum of 201 
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Figure 3.21 ‘^C NMR spectrum of 201 
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Fignre 3.22 ’H NMR spectrum of 202 






Figure 3.23 '^C NMR specti-um of 202 





Figure 3.24 *H NMR spectrum of 203 
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Figure 3.25 '^C NMR spectram of 203 
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Figure 3.26 *H NMR spectrum of 204 






Figure 3.27 ‘^C NMR spectrum of 204 
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Figure 3.28 'H NMR spectrum of 198 
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Figure 3.30 'H NMR spectrum of cis-191 
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Figure 3.32 ‘H NMR spectrum of trans-191 






Figure 3.33 '^C NMR spectrum of trans-191 
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Chapter 1 

Thioacetalization of Carbonyl Compounds and 
Aziridine Ring Opening with Aromatic Amines 

under Solvent Free Conditions 

1.1 Introduction 

Sustainability is an increasingly important issue in the wider 
context dealing with population, health, the environment, renewable 
resoiurces and in the sciences, as an integral part of the rapidly emerging 
field called Green Chemistry.* This is a multidisciplinary field, 
requiring integrated study in the chemical, biological and physical 
sciences as well as many aspects of engineering. The twelve principles 
of Green Chemistry, as defined by Anastas and Warner,' and generally 
accepted internationally, cover complex issues including waste 
minimization, reduction in energy usage and the use of renewable 
resources rather than depleting natural resources such as oil, coal, and 
gas. 

Removing organic solvents in chemical synthesis is important 
in the drive towards benign chemical technologies. Organic solvents are 
high on the list of toxic or otherwise damaging compounds because of 
the large volumes used in industry, and difficulties in containing 
volatile compoimds. Alternative reaction media include ionic liquids^ 
(which have extremely low vapor pressure and can be recycled), liquid 
and supercritical C02,^ water'' (often at high temperature under 
microwave irradiation)^ and polyethylene and polypropylene glycol^ 
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(Figure 1). Another alternative is not to use a reaction medium, the so 
called “Solvent Free Reactions”.’’* The choice of solventless or specific 
non-organic solvent reaction medium will depend on several issues 
including selectivity, yield, waste, ease of recycling and ease of 
isolation of products. 



Figure 1.1 

In using a reaction medium, there are many choices within each 
system, for example using ionic liquids with the appropriate 
hydrophobic-hydrophilic balance, and varying the density of liquid and 
supercritical CO 2 , which can affect the stereo-chemical outcome of 
addition reactions.^ 

Advantages of using solventless reactions, relative to using 
organic or other reaction media include; (i) there is no reaction medium 
to collect, purify and recycle, (ii) the products formed are often 
sufficiently pure to circumvent extensive purification using 
chromatography, (iii) sequential solventless reactions are possible in 
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high yielding systems, (iv) atom economy*** and (iv) considerable batch 
size reduction and processing cost savings are achievable such that such 
solvent free protocols are not only more environmentally benign but are 
more economically feasible. These factors are especially important in 
industry. 

Recently, supported reagents and catalysts on mineral oxide 
surfaces have been widely employed for solvent free organic synthesis.^ 
Reagents immobilize on porous solid materials present a lot of 
advantages over the conventional solution phase reactions because of 
the good dispersion of active sites leading to improved reactivity and 
milder reaction conditions. Silica gel, alumina and Montmorillonite 
(KIO) are the common supports used for this purpose. Solvent free 
reactions with supported reagents in combination with microwave 
(MW) irradiation, under so-called ‘dry media’ conditions, provides 
ideal reaction medium with special attributes such as reduced reaction 
times, easier work-up procedures as well as increased purity of 
products.*® 

Keeping in view our general interest in the development of 
environmentally friendly synthetic alternatives, we became interested in 
solvent free reactions. In this chapter, we wish to describe our efforts 
toward development of methodologies, like thioacetalization of 
carbonyl compounds and aziridine opening with aromatic amines, 
under solvent free conditions. 
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l.Ll Thioacetalization of carbonyl compounds: 

Thioacetalization of carbonyl compounds is an important 
transformation in organic synthesis." Since the introduction of 1,3- 
dithianes as nucleophilic acylating reagents by Corey and Seebach, 
dithioacetals have become widely used tool for the formation of C-C 
bonds." In addition, the stability exhibited by 1,3- and 1,2- dithiolanes 
under acidic and basic conditions has led to their synthetic utility as 
carbonyl protecting groups" and as intermediates in the conversion of a 
carbonyl function to either hydrocarbon derivatives" or to higher order 

carbonyl compormds (Umpolung synthesis) (Scheme 1 . 1 ).’^ 

o 

Deprotection 



1 ,2-ethane dithiol 


H 




r~\ 

X 


Base 


4 - 

E 


r-\ 

X 


I Reduction 

! 


R 

Scheme 1.1 

Since thioacetalization is a protic or Lewis acid catalyzed 
transformation, a number of acid catalysts such as Zn or Mg(OTf) 2 ," 
BF 30 Et 2 ,'® AICI 3 ," TiCL," LaCls," etc. have been reported for this 


Solvent free reactions 181 

conversion. Numerous other methods that are reported for this 
transformation include the use of LiBr,^® ceric amminium nitrate 
(CAN)^* and LiBF 4 .“ 

Recently, Muthusamy and co-workers reported a 
chemoselective thioacetalization of carbonyl compounds using InCU as 
a catalyst.^^ When an equimolar mixture of ^-hydroxy benzaldehyde (1) 
and acetophenone 2 or ketoester 3 was allowed to react with 1 
equivalent of 1,2-ethanedithiol in the presence of catalytic amount of 
InCls, a high yield of 4 was obtained along with recovered 2 or 3 
(Scheme 1.2). 


OH 



V_/ 


4 

93% 

Scheme 1.2 


Very recently, Kamal and co-workers used Sc(OTf )3 as a 
recyclable Lewis acid catalyst for thioacetalization reactions.^'’ This 
method has also been extended for the intramolecular chemoselectivity 
between keto and aldehyde functionalities (Scheme 1.3). Moreover, this 
catalyst has been recovered almost quantitatively from the aqueous 


layer and has been reused several times without losing its activity. 




R = Ph, Me etc 


Sc(OTf )2 (4 mol%) 
CH 2 CI 2 . RT 




Scheme 1.3 
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Klamal and co-workers have also found an efficient method for 
transthioacetalization^^ of acetals using NBS as a catalyst.^ For 
example, treatment of 7 with 1,2-ethaneditiiiol in the presence of 15 
mol% of NBS gave a thioacetal 8 in 80% yield under mild reaction 
conditions (Scheme 1.4). 



7 


8 


Scheme 1.4 

Solid acid catalysts^’ like HY zeolite^* and Kaolinitic clay^® 
have been reported in the literature for thioacetalization reactions. A 
number of solid supported reagents and Lewis acid catalysts have been 
developed to achieve this transformation. For example, anhydrous 
FeCls dispersed on Si 02 was found to be very efficient for the 
conversion of l,3-diphenyl-2-propanone 9 to its corresponding 
thioacetal 10 in 98% yield within a minute (Scheme 1.5).^® 
o ^SH f—\ 

FeCl3-Si02(2eq.)* 

9 CH 2 CI 2 . 1min. 98% '•9 


Scheme 1.5 

The other solid supported reagents such as TaCl5-Si02,^’ ZrC^- 
Si 02 ^^ and CoBr 2 -Si 02 ^^ have also been found to be efficient for 
thioacetalization reaction. The main reason for using supported reagents 
is due to their higher selectivity, milder reaction conditions and simple 
work-up procedures. 
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1.1.2 Aziridine Ring Opening with Amines: 

Aziridines are saturated three-membered heterocycles 
conaining one nitrogen atom. Since the mid 1960s, aziridines have been 
classified as ‘activated’ or ‘nonactivated’ according to whether or not 
nucleophilic ring-opening reactions proceed in the absence of positive 
charge at nitrogen^'^ and this classification is intimately related to the 
nature of the substituent on the nitrogen atom of the heterocycle. The 
term ‘activated aziridine’ 11 (Figure 1.2) is suggested for those 
derivatives which contain a substituent capable of stabilizing a negative 
charge which is formed on the aziridine nitrogen in the transition state 
when the aziridine reacts with a nucleophile. The ‘nonactivated 
aziridine’ 12 (Figure 1.2) contains no such substituent on the nitrogen 
or aziridine’ s N atom is basic. 


Y7 

V7 

N 

1 

N 

I 

1 

w 

I 

G 

11 

12 

W = -COR, -CO2R. 

G = -H, alkyl, 

-SO2R, etc. 

aryl, etc 


Figure 1.2 

The combination of Baeyer strain inherent in the three- 
membered heterocycle and the electronegativity of the heteroatom 
induce aziridine to imdergo ring cleavage reactions with nucleophiles.^^ 
Some of the important features of aziridine ring opening with various 
nucleophiles are schematically represented in Scheme 1.6. 

Nucleophilic ring opening of aziridines by amines is one of the 
simplest methods for the synthesis of trans-vicmal diamines. However, 
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this classical method has been disregarded primarily due to the 
limitations of the reaction conditions. The low nucleophilicity of 
amines required elevated temperature or vigorous reaction conditions.^® 
However, this limitation can be eliminated by the use of Lewis acid 
catalysts. 



Scheme 1.6 


Yamamoto and co-workers reported the first example of Lewis 
acid catalysed aminolysis of activated aziridines under mild 
conditions.” When 10-20 mol% of Yb(OTf )3 was used as a catalyst, the 
azindme cleavage proceeded very smoothly and yielded good to 
excellent amount of vicinal diamines (Scheme 1.7). It was found that in 
the absence of Yb(OTf)3, the reaction was very slow and 20 % yield of 
the product was obtained after one week. 
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R1R2NH 


Yb(OTf )2 (10 mol%) 
CH 2 CI 2 . rt or reflux. 2-72 h 
42r100% 


R NHR" 


r./"'"NRiR2 


Scheme 1.7 

Very recently, trifluoroacetic acid catalysed ring opening of 
aziridine 13 with dimethyl amine has been reported.^® The diamine 14 
was obtained in 44% yield imder very harsh conditions (Scheme 1.8). 



NH 


HNMe2 


cat. TFA, 140 °C 
44% 




NMe, 


13 44% 14 

Scheme 1.8 

Yadav and co-workers have found that LiC104 efficiently 
catalyzes the ring opening of aziridines with a variety of aromatic 
amines.^® For example, treatment of the iV-tosyl aziridine 15 with 
aniline in the presence of 10 mol% of LiC104 gave a mixture of 
products 16 and 17 in 90% yield (Scheme 1.9). Aliphatic amines failed 
to react with aziridines even after a long reaction time at ambient 
temperature. The same group has also reported the InBra catalysed 
highly efficient regioselective ring opening of aziridines with pyrrole.'*® 



MTfi UCIO4(10mol%) 
PhNH2,CH3CN, ’ 
rt,90% 



NHTs 


NHPh 



NHPh 


NHTs 


Ratio 9:95 


Scheme 1.9 

Recently, Hudlicky and co-workers have reported the synthesis 
of 3,4-diamino-3,4-dideoxy-Z,-c/iiro-inositol 18 through ring opening of 
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aziridines with p-toluene sulfonamide in the presence of tetrabutyl 
ammonium fluoride (TBAF) (Scheme 1.10).'" 



Scheme 1. 10 


We have reported that cyclic and acyclic vicinal diamines could 
be synthesized by ring opening of aziridines with aromatic amines in 
the presence of catalytic amounts of Cu(OTf )2 or Sn(OTf )2 (Scheme 
1.11).'*^ Although, the yield of products in the case of aromatic amines 
was excellent, aliphatic amine failed to react with aziridines. 




Scheme 1.11 


We have also found, very recently, an efficient method for the 
synthesis of an important chiral ligand, trans~(R,R)- 
cyclohexanediamme 22, through ring opening of a chiral aziridine 19 
by TMS-Ns even in the absence of Lewis acid catalysts. The 
diastereomers 20 and 21 were separable by column chromatography. 
The major diasteremer 20 on hydrogenation using 10% Pd(OH )2 on 
activated charcoal gave 22 in 90% yield and ee > 99% (Scheme 1.12).'*^ 
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1.2 Background: 

During our synthesis towards (+)-dipIodialide A (123 A, Part 
A, Chapter 3), we found that the P-ketoester 23 could be transformed to 
its corresponding thioacetal 24 in an excellent yield by using Cu(OTf )2 
as a catalyst (Scheme 1.13). This prompted us to investigate this 
reaction further in detail. 


HS(CH2)2SH 

10 rt»l% Cu(OTf )2 
CH 2 CI 2 . RT, 8 h 
84% 

Scheme 1.13 

Since, solid supported reactions have attracted many synthetic 
organic chemists in recent years, because of simple workup 
procedures,'” we became interested in developing this methodology 
(thioacetalization) using solid supported catalysts under solvent free 
conditions. We used Cu(OTf )2 dispersed on SiOa as a solid acid catalyst 
for this transformation. A variety of aldehydes and ketones were 
transformed to their corresponding thioketals under this condition. 
During the progress of this work, we also found that silica gel 
efficiently catalyzed the aziridine ring opening reaction with aromatic 
amines and the results will be discussed in this chapter. 
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13 Present Work: 

Cu(OTf )2 is one of the most widely used Lewis acids in organic 
sjuthesis."*^ We have utilized Cu(OTf )2 as a Lewis acid for important 
transformation like cleavage of epoxides with aromatic amines,'** TMS- 
CN addition to carbonyl compounds,"*^ Friedal-Crafts reaction,'** 
acylation of alcohols,'*^ allylation of carbonyl compoimds*® and 
conversion of TBDMS ethers to their corresponding acetates.** This 
prompted us to use this catalyst for thioacetalization reaction. Since 
solid supported Lewis acid catalyzed solvent free reactions have lots of 
advantages over solution phase chemistry,'*'* we performed this 
transformation using silica gel supported Cu(OTf )2 as a catalyst imder 
solvent free conditions (SFC). 

The catalyst Cu(OTf)2-Si02 was prepared by mixing Cu(OTf )2 
(2 mmol) with 20 g of activated silica gel (activated at 120 °C under 1 
mm of Hg for 6 h) and mechanically rotated for 12 h. Initially, we tried 
solution phase thioacetalization reaction using heptanal as a model 
substrate. Thus, treatment of heptanal 25 with 2 equivalent of 1,2- 
ethanedithiol in the presence of 5 mol% Cu(0Tf)2-Si02 in CH 2 CI 2 
provided the desired thioacetal 26 in 90% yield. The same reaction 
when we carried out imder solvent free conditions, by shaking 
mechanically the aldehyde and 1,2-ethanedithiol mixture with 500 mg 
of Cu(OTf)2-Si02 (5 mol%) at rt, gave the thioacetal in 93% yield 
(Scheme 1.14). It was observed that Cu(OTf )2 itself efficiently 
catalyzed thioacetalization of heptanal 25 in CH 2 CI 2 solvent, but the 
yield of the product 26 was a bit inferior (87%). By using simple Si02 
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as a catalyst, we did not observe any thioacetal formation under solvent 
free conditions even after several hours (Scheme 1.14). 

HSCH2CH2SH 
CHaQa, RT. 2h 


Catalygt 

XitM 

Cu(OTf)2 

87% 

Cu(OTf)2-Si02 

90% 

Cu(OTf)2“S I O 2 

Without Solvent 

93% 

Si02 

No Reaction 

Scheme 1.14 



Since, thioacetalization of 25 was very efficient under solvent 
free condition, we used the same condition for further investigation. 
Using 2 equivalent of 1,2-ethanedithiol and 5 mol% of the catalyst, a 
variety of aldehydes (Figure 1.3) and ketones (Figure 1.4) could be 
fransfotmed to their corresponding thioacetals and thioketals 
respectively.^^ Aldehydes reacted faster than ketones as expected. 
Ketone group of a P-keto ester 38 could also be thioacetalized in a clean 
manner. Although the reaction was very clean in most of the cases, 
hindered and less reactive ketones such as benzophenone and camphor 
did not react with 1,2-ethanedithiol under solvent free conditions. But it 
could be affected by doing the reaction in toluene at 80 "C using 4 
equivalent of 1,2-ethanedithiol. Thus, 43 and 44 were obtained in 98% 
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and 91% yields respectively, in toluene at 80 ®C using catalytic amounts 
of Cu(0Tf)2-Si02. 



27 

1.5 h, 92% 




Figure 1.3 

In the case of substrates containing aldehyde and ketone 
functionalities, some chemoselectivity was observed. For example, the 
keto aldehyde 45 on thioacetalization under standard condition gave a 
mixture of products 46 and 47 in 54% and 21% yields (ratio 2.6:1) 
respectively (Scheme 1.15). 

It was also observed that the thioacetalization reaction could 
also be catalyzed using CuCl 2 -Si 02 in a solvent free condition, but the 
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reaction was slow and the yield was a bit inferior. For example, 4-?- 
butyl cyclohexanone was converted into its thioacetal 40 in 88% yield 
after 8 h using CuCla-SiOa. 



4h,94% 



Figure 1.4 



HSCH2CH2SH 
(1.5 equJv) 

Cu(0'n)2^t02 (5 tnot%) 
SFC. 1 h 



Scheme 1.15 
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The main advantages of the above method include easier 
handling, milder reaction conditions, simple workup procedures and 
most importantly, environmental friendly. While working on the 
thioacetalization reaction, we envisioned that a 2 iridines could also be 
cleaved with amines under the same solvent free conditions. We have 
already reported solution phase aziridine ring opening reaction with a 
variety of nucleophiles, which include aromatic amines^^ and 
alcohols.^^ In a standard experiment, we treated the JV-phenyl aziridine 
48 with 1.2 equivalent of aniline in the presence of 10 mol% of 
Cu(0Tf)2-Si02 under solvent free condition. It weis heartening to see 
that the product 49 was obtained in 90% yield within an hour (Scheme 
1.16). 



NPh + PhNHa 


48 


0.1 equiv of Cu(0Tf)2-Si02 

Solvent Free Condition 
1h.90% 


a ^NHPh 
''NHPh 


Scheme 1.16 

Since silica gel itself has shown to be the most useful inorganic 
solid for effecting a variety of functional group transformation,^^ we 
were interested to perform the above reaction with only Si 02 under 
solvent free conditions. Thus, we exposed iV-phenyl aziridine 48 to 1.2 
equivalent of aniline for an hour in the presence of activated Si 02 
(activated at 120 °C under 1 mm of Hg for 6 h) under solvent free 
conditions. It was surprising to see that the product 49 was obtained in 
91% yield after just filtration of the reaction mixture. So, we used the 
above condition for further elaboration. A variety of aziridines were 
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prepared from their corresponding amino alcohols in one step using 
MsCI (1.1 equiv) and EtsN (2.5 equiv) in pyridine (as solvent) at room 
temperature.^® The opening of A^-phenylcyclohexeneimine 48 was tried 
with a variety of aromatic amines (1.2 equiv) using activated SiOa (500 
mg for 1 mmol of aziridine) as a catalyst at room temperature under 
solvent free conditions (Figure 1.5).®’ 



1h, 87% 8h,32% 1.5 h, 86% 


^^NHPh Cl 

V... — / 


53 

1.5 h, 78% 


54 

1.5 h. 95% 


55 

1.5 h, 90% 



Figure 1.5 

In all the cases, a very clean reaction was observed and the 
trans stereochemistry of diamines was deduced from the relevant 
coupling constants. The aziridine opening reaction tolerated a varying 
degree of steric hindrance on aromatic amines such as o.o- 
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diisopropylaniline 57. The worthy feature of the reaction is that even 
highly deactivated amines such as p-nitroaniline also opened the 
aziridines in moderate yields (51, Figure 1.5). 

In order to show the scope of the reaction, this methodology 
was extended to a variety of cyclic and acyclic aziridines (Table 1.1). In 
almost all the cases, a high yield of the opened product was obtained. In 
the case of acyclic terminal aziridines, the reaction was highly 
regioselective. For example, in the case of 65 only one product was 
isolated, and it was due to the attack of the aromatic amine at the less 
hindered terminal carbon atom (entry 7, Table 1.1). In the case of 2- 
phenyl aziridine 66 (entry 8, Table 1.1), the product formed was the one 
due to attack of aromatic amines at the benzylic carbon atom (internal 
attack). The aziridine opening reaction was smooth in a disubstituted 
acyclic substrate 64 (entry 6, Table 1.1). It is remarkable that 
unactivated aziridines could be opened with aromatic amines rmder 
very mild conditions. This kind of result is quite unprecedented in the 
literature for aziridine chemistry. 

Another unusual feature of this reaction is that only aromatic 
amines opened the aziridines. Aliphatic amines such as, diethylamine, 
«-butyl amine, benzylamine and pyrrolidine failed to react with 
aziridines at room temperature, even after 2 days, under solvent firee 
conditions. This was further conformed by the treatment of aziridine 48 
with a mixture of aniline and benzyl amine. Only aniline opened 
product was obtained in 81% yield after 1 h tmder SiOj catalyzed 
solvent free conditions (Scheme 1.17). 
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Scheme 1.17 

In conclusion, we discovered that Cu(0Tf)2-Si02 is an efficient 
catalyst for thioacetalization of carbonyl compounds under solvent free 
conditions. A variety of aldehydes and ketones could be transformed to 
their corresponding thioacetals under these conditions. We also found 
that Si 02 efficiently catalyses the aminolysis of nonactivated aziridines 
under solvent free conditions. This method was found to be selective 
for only aromatic amines. Highly deactivated amines such as p- 
nitroaniline also cleaved the aziridines under these conditions. 
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1.4. Experimental Section 
General Methods and Materials: 

'H NMR spectra were recorder on JEOL PMX 300 and JEOL- 
60 series of instruments using solutions in CDCI3 and CCI4. I 2- 
ethanedithiol, mathanesulfonyl chloride and all the aldehydes, ketones 
and amines used were obtained from Fluka and Lancaster and used as 
received. All amino acids used for the synthesis of aziridines were 
prepared by known procedures/^ 

Preparation of Cu(0Tf)2-SiO2. A mixture of Cu(OTf )2 (2 mmol) and 
activated Si02 [activated at 120 “C at 1mm Hg for 6 h] (20 g) was taken 
in a 250 mL round bottom flask. The flask was stoppered with a 
septum and tied with the rod of a rotary evaporator. It was rotated for 
3 h and used for thioacetalization reactions. 

General procedure for thioacetalization reaction. A mixture of 
carbonyl compound (1 mmol), 1,2-ethanedithiol (2 mmol) and 
Cu(0Tf)2-Si02 (500 mg, 0.05 mmol) was taken in a 5 mL round 
bottom flask. The flask was stoppered with a septum and tied with the 
rod of a rotary evaporator. It was rotated till the reaction was complete. 
The whole mixture was loaded over a silica gel column and eluted with 
EtOAc u^etroleum ether to obtairi a pure thioacetal. 
2-Hexyl.[l,3]dithioIane 26.^^ Yield 93%; colorless liquid; Rf 0.90 
(1% EtOAc in petroleum ether); NMR (60 MHz, CCL.) 5 0.80 (t, 7= 
6.0 Hz, 3H), 1.20-1.80 (m, lOH), 3.10 (s, 4H), 4.3 (t, J= 6.0 Hz, IH). 
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2-Cyclohexyl-[l,3]dithioIane 27.’^* Yield 92%; colorless liquid; Rf 
0.90 (2% EtOAc in petroleum ether); ‘H NMR (60 MHz, CCL,) <5 1.10- 
2.0 (m, 1 IH), 3.1 (s, 4H), 4.3 (d, J= 6.0 Hz, IH). 
2-[13]Dithiolan-2-yl-furan 28.’^'" Yield 91%; brown paste; Rf 0.90 
(5% EtOAc in petroleum ether); ‘H NMR (60 MHz, CCI 4 ) S 3.30 (s, 
4H), 5.50 (s, IH), 6.10- 6.25 (m, 2H), 7.20- 7.30 (m, IH). 
2-(2,5-Dimethoxy-benzyI)-[l,3]dithiolane 29. Yield 98%; white solid; 
mp 92-95 °C', Rf 0.75 (5% EtOAC in petroleum ether); *H NMR (60 
MHz, CCI 4 ) S 3.25 (s, 4H), 3.65 (s, 3H), 3.75 (s, 3H), 5.85 (s, IH), 6.60 
(d, J= 3.0 Hz, 2H), 7.20 (s, IH). 

2-StyryI-[l,31dithiolane 30.’^'’ Yield 89%; brown solid; mp 56-58 °C; 
Rf 0.85 (5% EtOAc in petroleum ether); *H NMR (60 MHz, CCI 4 ) 5 
3.30 (s, 4H), 5.15 (d, J= 9.0 Hz, IH), 5.9- 6.60 (m, 2H), 7.10-7.35 (m, 
5H). 

2-(4-Chloro-phenyl)-[l,3]dithiolane 31.’^’’ Yield 98%; white solid; 
mp 62-64 °C; Rf 0.65 (5% EtOAc in petroleum ether); *H NMR (60 
MHz, CCI 4 ) S 3.38 (s, 4H), 5.61 (s, IH), 7.08 (d, J= 9.0 Hz, 2H), 7.52 
(d,J=9.0Hz,2H). 

2-(2-Nitro-phenyl)-[l,3]dithioIane 32. Yield 93%; yellow solid; mp 
64-66 °C; R/0.80 (5% EtOAc in petroleum ether); *H NMR (60 MHz, 
CCI 4 ) 8 3.50 (s, 4H), 5.65 (s, IH), 7.35- 8.40 (m, 4H). 
2-/;-Tolyl-[l,3]dithiolane 33.^^*’ Yield 99%; pale yellow solid; mp 57- 
59 °C Rf 0.95 (5% EtOAc in petroleum ether); 'H NMR (60 MHz, 
CCI 4 ) 8 2.30 (s, 3H), 3.35 (d, J = 3.0 Hz, 4H), 5.50 (s, IH), 7.0 (d, J = 
9.0 Hz, 2H), 7.45 (d, J= 9.0 Hz, 2 H). 


2-(4-Methoxy-phenyI)-(MJd[ifhiolane 34. Yield 99 %; white solid- 
mp 60-62 °C; i?^0.85 (5% EtOAc in petroleum ether); ‘h NMR (200 
MHz, CDCI 3 ) <5 3.31- 3.55 (m, 4H), 3.79 (s, 3H), 5.63 (s, IH), 6.83 (d 
J= 8.6 Hz, 2H), 7.45 (d, J= 8.6 Hz, 2H). 

2-[l,3]DithioIan-2-yl-phenoI 35. Yield 96%; white solid 72-74 °C; R. 
0.45 ( 10 % EtOAc in petroleum ether); 'H NMR (60 MHz, CCI4) <5 3 .O- 
3.65 (m, 4H), 5.80 (s, IH), 6.70- 7.35 (m, 4H). 

4-(2-Methyl-[l,31dithioIan-2-yI)-phenol 36. Yield 94 %; white solid 

78-80 °C; R/0.50 (10% EtOAc in petroleum ether); 'H NMR (60 MHz 

CCI 4 ) 5 2.05 (s, 3H), 3.30 (s, 4H), 6.55 (d, /= 9.0 Hz, 2 H), 7.45 (d J = 
9.0 Hz, 2H). 


6-Isopropyl.9-methyl-l,4-<Iithia-spiro[4.5]decane 37. Yield 96%; 

semisohd; Rf 0.95 (1% EtOAc in petroleum ether); 'H NMR (60 MHz, 
CCI4) <5 0.88 (d, J= 9.0 Hz, 9H), 1.25- 2.60 (m, 8H). 3.20 (s, 4H). 
(2-MethyI-[l,3]dithioIan-2-yI)-acetic acid methyl ester 38. Yield 
750 / 0 ; white semisolid; 0.85 (10% EtOAc in petroleum ether); FT IR 
(CHCI3 solution) 1742 cm''; 'H NMR (60 MHz. CCI4) 0.90 (s 3H) 

2.90 (s, 2H), 3.30 (s, 4H), 3.65 (s, 3H). 
l,4-Dithia-spiro[4.4]nonane-7,8-dicarboxyUc acid dimethyl ester 

39. Yield )93%; colorless liquid; 0.70 ( 2 % EtOAc in petroleum 
ether); FT IR (neat) 1739 cm''; 'H NMR (60 MHz, CCI4) 6 2.40 (t, J= 
3.0 Hz, 2H), 2.55 (d, 3.0, 4H), 3.30 (s, 4H), 3.70 (s. 6H). 

8-tert-Butyl-l,4-dithia-spiroI4.5Idecane 40. Yield 940 / 0 ; white solid; 
mp 60-62 C; R^0.90 ( 1 % EtOAc in petroleum ether); 'H NMR (60 
Hz, CCU) S 1.0 (s, 9H), 1.20- 2.20 (m, 9H), 3.35 (s, 4H). 
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2-Methyl-2-pheiiyl-[l,3]ditliiolane 4l7^ Yield 92%; white solid; mp 
82-84 °C; Rf 0.90 (1% EtOAc in petroleum ether); *H NMR (60 MHz, 
CCI 4 ) ^ 2.10 (s, 3H), 3.35 (s, 4H), 7.05- 7.80 (m, 5H). 

Tetralone thioacetal 42: Yield 90%; white solid; mp 54-56 °C; Rf 
0.90 (2% EtOAc in petroleum ether); 'H NMR (60 MHz, CCI 4 ) S 1.85- 
2.50 (m, 4H), 2.75 (t, J= 6.0 Hz, 2H), 3.40-3.55 (m, 4H), 6.80-7.85 (m, 
4H). 

2,2-Diphenyl-[l,3]dithiolane 43.’^ Cu(0Tf)2-Si02 (500 mg, 0.05 
mmol) was added to a solution of 1,2-ethanedithiol (188 pL, 2 mmol) 
and benzophenone (91 mg, 0.5 mmol) in anhydrous toluene (4 mL) and 
the resulting suspension was refluxed for 24 h. It was filtered and 
washed with CHCI3. Evaporation of the solvent followed by silica gel 
column chromatogn^hy using neat petroleum ether gave the pure 
compound 43. Yield 254 mg (98%); white solid; mp 80-82 °C; i2/0.90 
(neat petroleum ether); *H NMR (60 MHz, CCI4) <5 3.18 (s, 4H), 6.90- 
7.54 (m, 10 H). 

Camphor thioketal 44.^^*’ Cu(0Tf)2-Si02 (500 mg, 0.05 mmol) was 
added to a solution of 1,2-ethanedithiol (188 pL, 2 mmol) and camphor 
(76 mg, 0.5 mmol) in anhydrous toluene (4 ttiL) and the resulting 
suspension was refluxed for 24 h. It was filtered and washed with 
CHCI 3 . Evaporation of the solvent followed by silica gel column 
chromatography using neat petroleum ether gave the pure compound 
44. Yield 207 mg (91%); white solid; mp 58-61 °C; Rf 0.85 (neat 
petroleum ether); ‘H NMR (200 MHz, CDCI 3 ) 5 0.90 (s, 3H), 1.03 (s, 
6 H), 1.22-1.37 (m, IH), 1.58-1.76 (m, 3H), 1.96 (d, J= 10.7 Hz, IH), 


2^2(d.y=M.0H^ m),2.6. -H), 2.98-3.39 

. / . ( /o EtOAc m petroleum ether); FT IR (neat) 1709 n„,-i 

NMR(60MHz).0.90(,y»h.OH.3H), ...0-1.35 (m. 24 » 
2.20(m,2H),2.40(t,J=6.0Hz.2HX3.05(d,J=60H2 2H) 3 25 r 

4H).4.40(hy=6.0Hz, .H).5.55fty.6.0Ha.2H). 
2-<lNMIDithioI.„-2.yMe<>2-euyl)-2-he^^^^ 47 

21 A; colorlesa oil; K, 0.60 (2% EK)Ac in peuoleum ether)- 'h 
NMR (200 MH. CDClr) . 0.88 (t. 7= 6.5 3H). 1.29- 1 I 

H), 1.76- 2.07 (m, 6H), 2.68 (d, y = 5.3 Hz, 2H), 3.22 {d y. 3 , „ 

Ze'T ''■ ■" ^ 2H). '■ 

, . . , ^ ““«!) was added drop-wise 

.0 a tnutuue of P-amtao alcohol (5 mmol) atrd E,N (.2 5 mnLlT 

PKldlne (6 mE) at 0 under niUoRen aUnosphL. ‘ he ZL” 

^o™ colontd soluhon was sdrred overnight at mom temperatul 

removed brmZ -'vent was 

pureaziridines. gel column gave 

A^-Phenylcyclohexeneimine 48."« Yield 840/ • r^ , , , 

(2% EtOAc in petroleum edrer); IR („ea,) ao,? k»T 
(300 MHz, CDCI3) d I 32 (m, 2H) 1 5. , ’ 
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CDCU) 3 20.32, 24.62, 38.59, 120.32, 121.73, 128.24, 155.61; LCMS 
(APCI, m/z) 174 (M* +1). 

A^-o-Methylphenylcyclohexeneimine 59 .^® Yield 65%; colorless 
liquid; Rf 0.50 (2% EtOAc in petroleum ether); IR (neat) 2940, 1593 
cm *; ‘H NMR (300 MHz, CDCI3) <5 1.38 (m, 2H), 1.58 (m, 2H), 1.98 
(m, 2H), 2.1 (m, 2H), 2.29 (m, 2H), 2.34 (s, 3H), 6.58 (m, 2H), 7.1 (m, 
2H); NMR (75 MHz, CDCI3) 3 18.72, 20.41, 24.33, 38.48, 119.07, 
121.76, 126.25, 130.36, 130.57, 152.95. 

A-wi-BromophenylcycIohexeneimine 60.^® Yield 43%; colorless 
solid; mp 42-43 °C; /J/0.55 (2% EtOAc in petroleum ether); IR (KBr) 
2935, 1580 cm-*; *H NMR (300 MHz, CDCI3) 3 1.22 (m, 2H), 1.45 (m, 
2H), 1.90 (m, 2H), 2.00 (m, 2H), 2.30 (m, 2H), 6.88 (m, IH), 7.08 (m, 

3H); NMR (75 MHz, CDCI3) 3 20.22, 24.46, 38.97, 1 19.14, 122.32, 
123.51, 124.77, 130.12, 157.19. 

A^-/>-MethoxyphenylcycIopenteneimme 61.^^ Yield 73%; colorless 
solid; mp 33-34 °C; R/0.50 (2% EtOAc in petroleum ether); IR (KBr) 
2945, 1500 cm-*; *H NMR (300 MHz, CDCI3) 5 1.28 (m, 2H), 1.46 (m, 
2H), 1.90 (m, 2H), 2.0 (m, 2H), 2.24 (m, 2H), 3.74 (s, 3H), 6.75 (d, J= 
8.7 Hz, 2H), 6.9 (d, J = 9.0 Hz, 2H); *^C NMR (75 MHz, CDCI3,) 3 
20.35, 24.63, 38.86, 55.47, 114.08, 121.08, 149.03, 154.64. 
A'-/?-Naphthylcyclohexeneimine 62 .^* Yield 63%; colorless solid; Ry 
0.65 (2% EtOAc in petroleum ether); *H NMR (300 MHz, CDCI3) 3 
1.35 (m, 2H), 1.58 (m, 2H), 2.0 (m, 2H), 2.12 (m, 2H), 2.42 (m, 2H), 
7.25 (m, 2H), 7.32 (m, IH), 7.42 (m, IH), 7.71 (m, 3H); *^C NMR (75 
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MHz, CDCI3) S 20.38, 24.66, 38.86, 115.35, 122.06, 123.73, 126.13, 
126.56, 127.60, 128.62, 129.77, 134.14, 153.36. 
iV-Benzylcyclohexeneimine 63.^® Yield 51%; colorless liquid; i?/0.28 
(2% EtOAc in petroleum etihier); IR (neat) 2920, 1585 cm'*; *H NMR 
(300 MHz, CDCla) 5 1.20 (m, 2H), 1.40 (m, 2H), 1.63 (m, 2H), 1.80 
(m, 2H), 1.85 (m, 2H), 3.48 (s, 2H), 7.3 (m, 5H); *^C NMR (75 MHz, 
CDCI3) 5 20.55, 24.43, 38.46, 64.27, 126.51, 5 127.37, 128.14; LCMS 
(APCI,m/z) 188(Mr+l). 

iV-Beiizyl-2,3-dimethylaziridine 64.^® Yield 49%; colorless liquid; Rj 
0.34 (5% EtOAc in petroleum ether); IR (neat) 2940, 1575 cm'*; *H 
NMR (60 MHz, CCL,) S 1.15 (d, J= 5.0 Hz, 6H), 1.50 (m, 2H), 3.55 (s, 
2H), 7.4 (m, 5H). 

A-n-Butyl-l-phenylaziridme 66.^* Yield 43%; colorless liquid; Rf 
0.61 (5% EtOAc in petroleum ether); IR (neat) 2950, 1598 cm'*; 'H 
NMR (60 MHz, CCI4) <5 0.93 (t, J= 6.0 Hz, 3H) 1.55 (m, 5H), 1.70 (m, 
IH), 2.3 (m, 3H), 7.3 (m, 5H). 

General Procedure for Aziridine Opening with Aromatic Amines 
under solvent free conditions. A mixture of an aziridine (1 mmol), an 
aromatic amine (1.2 mmol) and silica gel (500 mg; activated at 120 °C 
under vacuum for 6 h) was taken in a 5 mL R.B. flask and the solid 
shaken till the reaction was complete (disappearance of aziridine spot 
on TLC plate). The silica gel-reaction mixture was directly loaded onto 
a small silica gel column and eluted with ethyl acetate-petroleum ether 
to afford the pure diamines. 
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fra«s-Ar^-Diphenyl-l,2-cyclohexanedianiiiie 49.“*^ Yield 91%; 
colorless gel; Rf 0.4 (2% EtOAc in petroleum ether); IR (neat) 3390 
cm'*; *H MMR (300 MHz, CDCI 3 ) S 1.23 (m, 2H), 1.42 (m, 2H), 1.8 
(m, 2H), 2.39 (m, 2H), 3.24 (m, 2H), 3.92 (bs, 2H, N^, 6.62 (d, J = 
7.0 Hz, 4H), 6,75 (t, /= 7.0 Hz, 2H), 7.21 (dd, J= 7.0 Hz, 4H); 
NMR (75 MHz, CDCI 3 ) S 24.6, 32.5, 57.2, 113.47, 117.54, 129.3, 
147.7; LCMS (APCI, m/z) 267 (M"+l). 

n*flns-A'-Phenyl-(JV-methyl-iV’-phenyl)-l,2-cyclohexanediamine 
50.“*^ Yield 87%; viscous liquid; 0.50 (2% EtOAc in petroleum 
ether); IR (neat) 3400 cm'*; *H NMR (300 MHz, CDCI 3 ) S 1.2-1.6 
(bm, 4H), 1.82 (m, 3H), 2.42 (m, IH), 2.66 (s, 3H), 3.31 (ddd, /= 10.2, 

10.2, 3.6 Hz, IH), 3.64 (m, IH), 4.0 (bs, NTf, IH), 6.58 (m, 2H), 6.7 
(m, IH), 6.78 (m, IH), 6.84 (m, 2H), 7.15 (m, 2H), 7.27 (m, 2H); *^C 
NMR (75 MHz, CDCI 3 ) <5 24.6, 25.7, 27.8, 30.7, 33.5, 55.2, 62.9, 

113.2, 114.0, 117.2, 117.3, 129.2, 129.2, 147.8, 150.8; LCMS (APCI, 
m/z) 281 (M'+l). 

fra/is-A-PhenyI-A’-(p-nitrophenyl)cyclohexanediamine 51.'*^ Yield 
32%; pale yellow solid; mp 145 °C; 72^.0.80 (25% EtOAc in petroleum 
ether); IR (KBr) 3350 cm'*; *H NMR (300 MHz, CDCI 3 ) 6 1.22 - 1.6 
(bm, 4H), 1.80 (m, 2H), 2.30 (m, 2 H), 3.28 (m, 2H), 3.56 (bs, NH, IH), 
4.63 (bs, IH, NJ¥), 6.48 (m, 2H), 6.58 (m, 2H), 6.7 (m, IH), 7,15 (m, 
2H), 8.02 (m, 2H); *^C NMR (75 MHz, CDCI 3 ) 5 24.4, 24.6, 32.2, 
32.6,56.9,57.4, 111.5, 113.4, 118.0, 126.4, 129.5, 138.0, 147.1, 152.9; 
LCMS (APCI, m/z) 312 (MT+I). 
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frflrts-A^-PhenyI-A^-(c>-methylphenyl)-l,2-cyclohexanediamine 52.'*^ 
Yield 86%; white solid; mp 70-71 °C; Rj- 0.42 (2% EtOAc in petroleum 
ether); IR (KBr) 3390 cm'’; ‘H NMR (300 MHz, CDCI3) <5 1.30 (m, 
2H), 1.50 (m, 2H), 1.82 (m, 2H), 2.05 (s, 3H), 2.41 (m, 2H), 3.28 (ddd, 
J= 9.6, 9.6, 3.6 Hz, IH), 3.37 (ddd, J= 9.9, 9.9, 3.9 Hz, IH), 3.93 (bs, 
2H, NH), 6.71 (m, 5H), 7.1 (d, J= 7.5 Hz, IH), 7.23 (m, 3H); NMR 
(75 MHz, CDCI3) S 17.5, 24.6, 24.7, 32.6, 32.7, 57.3, 57.7, 110.2, 
113.7, 117.1, 117.7, 122.9, 127.0, 129.3, 130.3, 145.6, 147.5; LCMS 
(APCI,ni/z)281 (hr+ 1). 

frans— A-Phenyl-A’-(/n-chlorophenyl)-l,2-cyclohexanediamine 
Yield 78%; semisolid; Rj- 0.39 (2% EtOAc in petroleum ether); IR 
(KBr) 3390 cm''; 'H NMR (400 MHz, CDCI3) S 1.24 (m, 2H), 1.40- 

1.43 (m, 2H), 1.79-1.83 (m, 2H), 2.37-2.39 (m, 2H), 3.19-3.21 (m, 2H), 
3.84 (bs, 2H, N/f), 6.52-6.53 (m, IH), 6.63 (d, J= 8.5 Hz, 2H), 6.73- 
6.76 (m, 2H), 6.84-6.86 (m, IH), 7.02-7.05 (m, IH), 7.19-7.22 (m, 2H). 
fraMS-A'-Phenyl-A’-(/fi-bromophenyl)-l,2-cyclohexanediamine 54.'*^ 
Yield 95%; semisolid; Rj- 0.39 (2% EtOAc in petroleum ether); IR 
(KBr) 3390 cm'‘; ‘H NMR (300 MHz, CDCI3) 5 1.22 (m, 2H), 1.45(m, 
2H), 1.81 (m, 2H), 2.38 (m, 2H), 3.19 (m, 2H), 3.82 (bs, 2H, NiT), 6.52 
(m, IH), 6.65 (d, J= 8.5 Hz, 2H), 6.75 (m, 2H), 6.84 (m, IH), 7.02 (m, 
IH), 7.21 (m, 2H); "‘C NMR (75 MHz, CDCI3) <5 24.5, 24.6, 32.3, 32.5, 
57.0, 57.2, 112.2, 113.5, 115.7, 117.7, 120.1, 123.3, 129.3, 130.5, 
147.5, 149.0; 

rraMs-A'-Phenyl-A^-(p-methoxyphenyl)-l,2-cyclohexanediamine 
55."'^ Yield 90%; colorless gel; i?^0.30 (2% EtOAc in petroleum etherh 
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IR (neat) 3365 cm-’; ’H NMR (300 MHz, CDCI3) 5 1.22 (m, 2H), 1.42 
(m, 2H), 1.78 (m, 2H), 2.34 (m, 2H), 3.11 (ddd, J= 9.6, 9.6, 3.3 Hz, 
IH), 3.20 (ddd, y = 9.6, 9.6, 3.3 Hz, IH), 3.70 (bs, 2H, Ni/), 3.76 (s,, 
3H), 6.63 (m, 4H), 6.71 (m, IH), 6.79 (m, 2H), 7.19 (m, 2H); ’^C NMR 
(75 MHz, CDCI3) <5 24.6, 32.6, 55.8, 57.4, 58.4, 113.6, 115.0, 115.3, 
117.6, 129.3, 141.8, 147.8, 152.4. LCMS (APCI, m/z) 297 (M^+1). 
rm«s-A'-Phenyl-A^-(p-naphthyl)-l ,2-cycIohexanediamine 56.'’^ Yield 
85%; semisolid; Rj 0.42 (2% EtOAc in petroleum ether); IR (KBr) 
3380 cm-’; ’H NMR (300 MHz, CDCI3) 8 1.3 (m, 2H), 1.5 (m, 2H), 
1.82 (m, 2H), 2.42 (m, 2H), 3.32 (m, 2H), 3.98 (bs, 2H, NH), 6.62 (m, 
2H), 6.78 (m, IH), 6.82 (m, 2H), 7.20 (m, 3H), 7.40 (m, IH), 7.64 (m, 
3H); ’^C NMR (75 MHz, CDCI3) 8 24.6, 24.6, 32.2, 32.5, 57.15, 57.22, 
104.8, 113.5, 117.6, 118.5, 122.0, 125.8, 126.4, 127.5, 127.6, 129.0, 
129.3, 135.1, 145.3, 147.6; LCMS (APCI, m/z) 317 (M^+1). 
#rans-A''-Phenyl-[A’-(2,5-diisopropylphenyl)-l,2-cyclohexane 
diamine 51.^^ Yield 77%; viscous liquid; 0.45 (2% EtOAc in 
petroleum ether); IR (neat) 3360, 3400 cm-’; ’H NMR (60 MHz, 
CDCI3) <5 1.15 (d, J= 5.5 Hz, 6H), 1.25 (d, 5.5 Hz, 6H), 1.3 - 2.4 

(m, 8H), 2.93 - 3.2 (m, 4H), 3.27 (q, J = 7.0 Hz, 2H), 6.75 (m, 2H), 
7.0 - 7.4 (m, 6H). 

2-A-(trans-2'-Aminophenyl cyclohexyl)-5-chloro pyridine 58.^^ 
Yield 58%; mp 89-90 °C; R^O.62 (10% EtOAc in petroleum ether); IR 
(KBr) 3400 cm-’; ’H NMR (300 MHz, CDCI3) 8 1.25 (m, 4H), 1.78 (m, 
2H), 2.2 (m, IH), 2.28 (m, IH), 3.13 (m, 2H), 3.81 (m, IH), 4.37 (m. 
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IR (neat) 3365 cm-’; ’H NMR (300 MHz, CDClj) <5 1.22 (m, 2H), 1.42 
(m, 2H), 1.78 (m, 2H), 2.34 (m, 2H), 3.11 (ddd, J = 9.6, 9.6, 3.3 Hz, 
IH), 3.20 (ddd, y = 9.6, 9.6, 3.3 Hz, IH), 3.70 (bs, 2H, Ni/), 3.76 (s, 
3H), 6.63 (m, 4H), 6.71 (m, IH), 6.79 (m, 2H), 7.19 (m, 2H); ’^C NMR 
(75 MHz, CDCI3) <5 24.6, 32.6, 55.8, 57.4, 58.4, 113.6, 115.0, 115.3, 
117.6, 129.3, 141.8, 147.8, 152.4. LCMS (APCI, m/z) 297 (MT+I). 
rm«s-A'-Phenyl-A^-(p-naphthyl)-l ,2-cyclohexanediamine 56.'*^ Yield 
85%; semisolid; Rj. 0.42 (2% EtOAc in petroleum ether); IR (KBr) 
3380 cm-’; ’H NMR (300 MHz, CDCI3) <5 1.3 (m, 2H), 1.5 (m, 2H), 
1.82 (m, 2H), 2.42 (m, 2H), 3.32 (m, 2H), 3.98 (bs, 2H, NH), 6.62 (m, 
2H), 6.78 (m, IH), 6.82 (m, 2H), 7.20 (m, 3H), 7.40 (m, IH), 7.64 (m, 
3H); ’^C NMR (75 MHz, CDCI3) 8 24.6, 24.6, 32.2, 32.5, 57.15, 57.22, 
104.8, 113.5, 117.6, 118.5, 122.0, 125.8, 126.4, 127.5, 127.6, 129.0, 
129.3, 135.1, 145.3, 147.6; LCMS (APCI, m/z) 317 (M^'+l). 
#rans-A'-Phenyl-[A’-(2,5-diisopropylphenyl)-l,2-cycIohexane 
diamine Yield 77%; viscous liquid; 0.45 (2% EtOAc in 

petroleum ether); IR (neat) 3360, 3400 cm-’; ’H NMR (60 MHz, 
CDCI3) 5 1.15 (d, J= 5.5 Hz, 6H), 1.25 (d, 5.5 Hz, 6H), 1.3 - 2.4 

(m, 8H), 2.93 - 3.2 (m, 4H), 3.27 (q, J = 7.0 Hz, 2H), 6.75 (m, 2H), 
7.0 - 7.4 (m, 6H). 

2-A-(tra/fs-2'-Aminophenyl cyclohexyI)-5-chloro pyridine 58.^^ 
Yield 58%; mp 89-90 °C; R^O.62 (10% EtOAc in petroleum ether); IR 
(KBr) 3400 cm-’; ’H NMR (300 MHz, CDCI3) 8 1.25 (m, 4H), 1.78 (m, 
2H), 2.2 (m, IH), 2.28 (m, IH), 3.13 (m, 2H), 3.81 (m, IH), 4.37 (m. 
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IH), 6.24 (m. IH), 6.48 (m, 2H), 6.62 (m, IH), 7.05 (m, 2H), 7.26 (m 
IH), 8.05 (m, IH). 

frfl«s-A^-PhenyI-Af'-benzyM,2^ycIohexanediamine 61 .^^ Yield 9 l<y^^ 

mp 68-70 °C; J?^0.58 (25% EtOAc in petroleum ether); ER. (KBr) 3295 
cm-‘; *H NMR (300 MHz, CDCI 3 ) J 1.10 (m, IH), 1.23 (m, 3H), 1.70 
(m, 2H), 2.10 (bs, IH, NiT), 2.18 (m, 2H), 2.33 (ddd, J= 9.9, 9 . 9 , 4.2 
Hz, IH), 3.12 (ddd, J= 10.2, 10.2, 3.6 Hz, IH), 3.37 (bs, IH, Ni/) 3.80 
(ABq, J= 13.5 Hz, 2H), 6.64 (m, 3H), 7.13 (m, 2H), 7.25 (m, 5H); '^C 
NMR (75 MHz, CDCI 3 ) 24.6, 25.0, 31.4, 32.5, 50.7, 57.5, 60.8, 
114.0, 117.7, 126.9, 128.1, 128.4,129.2, 140.6, 148.2; LCMS (APCI, 
»i/z)281 (M^+ 1 ). 

iV-MethyI-A-phenyI[3-benzylamino]butyl-2-amme 68 .^^ Yield 45 %; 

Viscous liquid; 0.32 (10% EtOAc in petroleum ether); IR (neat) 
3300 cm-'; 'H NMR (300 MHz, CDCI 3 ) <5 1.02 (d, 6.6 Hz, 3H), 1.14 

(d, y = 6.6 Hz, 3H), 2.30 (bs, IH, N/0. 2.50 (s, 3H), 2.73 (m, IH)’ 3.67 
(m, IH), 3.81 (ABq, 13.5 Hz, 2H), 6.76 (t, y= 7.2 Hz, IH), 6.8 (d,y 
= 8. 1 Hz, 2H), 7.26 (m, 7H); MS (El, m/z) 268 (M"). 

A'-Methyl-A'^phenyI(2-(A-t-butyl)aminoJtridecenyl amine 69.^*^ 

Yield 390 / 0 ; viscous liquid; Rf 0.15 (10% EtOAc in petroleum ether); 
IR (neat) 3380 cm''; IH NMR (300 MHz, CDCI 3 ) <5 0.87 (t, 7= 6.8 Hz, 
3H), 1.05 (s, 9H), 1.25 (m, 18H), 1.36 (m, 2H), 2.89 (s, 3H), 2.94 (m,’ 
IH), 3.19 (d, 7= 6.0 Hz, 2H), 6.70 (m, 3H), 7.21 (m, 2H). 

Ar-«-Bu(yl-[2-(A^niethyI-A^-phenyl)aminol.^^^ 

70."^ Yield 89%; viscous liquid; R/0.65 (20% EtOAc in petroleum 
ether); IR (neat) 3300 cm''; 'H NMR (300 MHz, CDCI 3 ) d 0.89 (t, 7 = 
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7.2 Hz, 3H), 1.33 (m, 2H), 1.47 (m, 2H), 1.55 (bs, IH, NiT), 2.68 (m, 
2H), 2.71 (s, 3H), 3.20 (d, 7.8 Hz, 2H), 5.16 (t, J= 6.6 Hz, IH), 

6.75 (t, J= 7.2 Hz, IH), 6.89 (d, 8.1 Hz, 2H), 7.27 (m, 7H); MS 

(El, w/z) 282 (^T). 



Chapter 2 

Triphase Catalysis in Epoxidation of a,p-enones 
with Polymer Bound Quaternary Ammonium Salts 
2.1 Introduction: 

The development of cleaner and more efficient synthetic routes 
to minimize environmental damage has been approached in many ways. 
Amongst these are; improved catalytic methods, solvent free reactions, 
reactions employing water as the solvent, the application of 
supercritical fluids and atom efficient synthesis. In all of these cases, 
the focus is to reduce the amount of materials required to perform the 
desired synthetic step, to obtain products requiring the minimum 
amomt of expense and complex purification steps, and therefore to 
reduce waste. By the use of solid supported reagents or catalysts, it is 
possible to achieve at least some of the above-mentioned objectives.^* 

The use of solid supported reagents in chemistry offers many 
potential environmental advantages compared to traditional reagents.*® 
There has been extensive growth in the application of modified 
polymers, and polymers incorporating reactive functional groups as 
reagents in organic synthesis,*® and the use of ion-exchange resins as 
catalysts.*' The advantages of reagents or catalysts supported on ion- 
exchangers are potentially manifold and briefly comprise the following: 
(i) They can be employed in excess in order to drive the desired 
reaction to completion. 
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(ii) Contamination of the final product with reagent or reagent by- 
products is miniinized. 

(ill) Removal of the resin is easily achieved by filtration, thus greatly 
simplifying the reaction work-up. 

(iv) The possibility of recycling the supported reagents or catalysts, 
thus minimizing waste. 

The solid supported reagents or catalysts are clean, potentially 
re-usable and create less waste than conventional materials and, as 
such, represent reagents for ‘Green Chemistry’.* 

2.1.1 Triphase catalysis: 

A significant and recurring problem in organic synthesis stems 
fi-om the use of water-soluble reagent in chemically altering a water- 
insoluble organic substrate. If the reaction is conducted as a 
heterogeneous process (e.g., organic phase aqueous phase reaction), the 
observed reaction rates are normally very slow owing to the very low 
concentration of at least one of the reactants in each phase. One of the 
methods to circumvent this problem is the use of phase-transfer 
catalysts (PTC) (most commonly a tetraalkylammonium or 
tetraalkylphosphonium salt).® One practical limitations to the phase- 
transfer method, however, is that many of the catalysts used to promote 
the formation of stable emulsions which make the work-up very 
difficult. The attachment of phase-transfer catalysts (PTC) to insoluble 
polymer supports greatly eliminates the above limitation. This new 

type of heterogeneous catalysis was termed ‘Triphase Catalysis’ 
(Figure 2.1).® 
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Not only would catalyst recovery and product isolation be 
greatly simplified, but also, owing to the three-phase nature of the 
system, continuous flow methods could be employed maldng the 
technique particularly attractive for industrial applications. 

I 

I 

I 

1 

I 

I 

I 

Reactant X ; Reactant Y 
(aq. phase) j (org. phase) 

I 

I 

; ^Interface 

'"- f 

Catalyst 
(solid phase) 

Figure 2.1 

The underlying feature, which distinguishes triphase catalysis 
from other forms of heterogeneous catalysis, is that both the catalyst 
and each one of a pair of reactants are located in separate phases, and 
the reaction takes place at the interface of solid-aqueous and solid- 
organic phases. Generally, polymer anchored quaternary ammonium®^ 
71 and phosphonium salts^ 72 are used as catalysts in triphase 
catalyzed reactions (Figure 2.2). 



R = alkyl R = alkyl 

Figure 2.2 
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These catalysts 71 and 72 could be prepared by refluxing 
Menifield resin 73 with trialkyl amine or trialkyl phosphine 
respectively in suitable solvents (Scheme 2.1). The extent of 
quatemization was determined by the chloride ion analysis using 
Volhard method.^^ 


R3N 




R = alkyl 



R = alkyl 


Scheme 2.1 

The concept of triphase catalysis was first used in the 
displacement reactions of alkyl halides with NaCN.®^’’’^ When 1- 
bromooctene 74 was treated with aqueous NaCN in the presence of 
catalytic amount of 71 (R = n-butyl), the product 1-cyanooctane 75 was 
obtained in 98% yield under reflux conditions (Scheme 2.2). 


+ NaCN — ^ ~ 

Reflux '4 

(org) (aq) (otg) (aq) 

74 75 

Scheme 2.2 

The mechanism of the above reaction may be represented as 
follows (Scheme 2.3). 
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Scheme 2.3 

The mechanism of triphase catalysis is analogous to that shown 
for classical phase-transfer catalysis. As discussed above, the reaction 
occurs in the organic shell surrounding the catalytic site. Anions 
exchange at the interface of aqueous-organic phase, with the inorganic 
cation and the polymer-supported quaternary ammonium cation as 
counter ions in the aqueous and the organic phase. 

Not only displacement reactions, the concept of triphase 
catalysis has been used in other transformations like 
cyclopropanation,®® oxidation of alcohols®^ and C-alkylation of nitriles 
(Scheme 2.4).^^ 



Scheme 2.4 
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Jacobson and co-workers reported an efficient method for the 
epoxidation of olefins under triphasic conditions using arsonated 
polystyrenes as catalysts When a solution of cyclooctene in CHCI3 
was exposed to 30% aq. H 2 O 2 in the presence of catalytic amounts of 
arsonated polystyrene 76 at reflux temperature, the epoxide 77 was 
obtained in 89% yield (Scheme 2.5). 



Scheme 2.5 


The mechanism of the above epoxidation reaction is 
represented in Scheme 2.6. The initial step is the formation of 
peroxyarsonic acid 78 by the reaction of arsonated polystyrene 76 with 
aqueous H 2 O 2 . The olefin then interacts the polymer anchored 
peroxyarsonic acid 78 at the organic-solid interface leading to the 
formation of the epoxide 77 and the catalyst 76. Thus, the catalytic 
cycle is established.*® 

Since pol>Tner supported reactions serve as a part of green 
chemistry, we became interested in that field. In this chapter, we wish 
to discuss our efforts toward the development of polymer supported 
phase transfer catalysts for the epoxidation of a,P-enones. 
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Scheme 2.6 

2.1. 1 Epoxidation of a,f-enones under triphasic conditions: 

Epoxidation of a,P-enones (Weitz-Scheffer reaction) is one of 
the important transformations in organic synthesis because, the 
resulting epoxy ketones can be derivatized to a wide variety of useful 
compounds (Scheme 2.7). Generally, this transformation could be 
effected by using 30% aqueous H 2 O 2 in water miscible solvents, such 
as acetone, imder basic conditions.*® The major disadvantage of this 
homogeneous method is that, in some cases, the epoxide formed 
undergoes over oxidation with H 2 O 2 leading to the cleavage of the 
epoxide.™ One of the alternative methods, to control the reaction, is to 
carry out the reaction in biphasic conditions using phase transfer 
catalysts.®* But, the limitation associated with conventional PTCs is that 
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it forms a stable emulsion and makes the workup cumbersome. To 
overcome this limitation, polymer supported phase transfer catalysts 
(triphase catalysis) have been developed. 


O OH 



Scheme 2.7 


Kobayashi reported an asymmetric epoxidation of chalcones 
under triphase-catalyzed conditions using polystyrene anchored 
quininiumsalt 79 as a catalyst.’^ "^en chalcone 80 was treated with 
30% aqueous H 2 O 2 using catalytic amounts of 79, the product chalcone 
epoxide 81 was obtained in 48% yield and 9% ee (Scheme 2.8). 
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Scheme 2.8 

It was explained that the low yield and ee of 81 was due to the 
steric hindrance at the active quaternary ammonium center by the bulk 
polymeric backbone. 

Julia and Colotma found that polyalanine and polyleucine 
efficiently catalyzed the epoxidation of chalcones imder triphase- 
catalyzed conditions.” Although both the yield and the ee of epoxides 
formed under these conditions are good, there are some disadvantages. 
First, the trans formation appeared to be limited to enones of the type 
(£)-Ar*CH=CHCOAr^, i.e., close relatives of chalcone.” Secondly, the 
catalyst forms a gel in the reaction mixture, which filters very slowly 
making difficult the recovery of the catalyst after completion of the 
reaction. Subsequently, it transpired that the three-phase reaction 
conditions could be used to epoxidize enediones 82, enone esters 83 
and dienones 84 (Scheme 2.9). 
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Poly(L-leucine) 

H 2 O 2 . NaOH, PhMe, 
H 2 O, 66% 


> 95% ee 




Scheme 2.9 


I 
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2.2 Background: 

While working on Green Chemistry,* as a part of our research, 
we became interested in polymer supported reactions, because poljnner 
supported reagents or catalysts are potentially re-usable and create less 
waste than conventional materials and, as such, represent catalysts for 
green chemistry. 

Epoxidation of a,P-enones is one of the important 
transformations in organic synthesis. This transformation could be 
effected by using 30% aqueous H 2 O 2 in acetone under basic 
conditions.^® As mentioned earlier, the major disadvantage of this 
homogeneous method is that, in some cases, the epoxide formed 
undergoes over oxidation with H 2 O 2 leading to the cleavage of the 
epoxide.™ One of the alternative methods, to control the reaction, is to 
carry out the reaction in biphasic conditions using phase transfer 
catalysts.’* But, the limitation associated with conventional PTCs is that 
it forms a stable emulsion and makes the workup difficult. To 
overcome this limitation, polymer supported phase transfer catalysts 
(triphase catalysis) have been developed.^^ 

In this chapter, the preparation and the use of two new polymer 
anchored phase transfer catalysts for the epoxidation of a,P-enones will 
be discussed. 
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Present Work: 

Two new polymer anchored quaternary ammonium salt 
catalysts 85 and 86 (Figure 2.3) were prepared for the epoxidation of 
a,P-enones. These catalysts 85 and 86 were chosen because they 
resemble the conventional phase transfer catalysts 87 and 88 
respectively. 



Figure 2.3 

The catalysts 85 and 86 were prepared by treating Merrifield 
resin 75 (0.8 mmol of CL% of resin) with DABCO and TMEDA 
respectively in refluxing benzene (Scheme 2.10). The extent of 
quatemarization was determined by chloride ion analysis using Volhard 
procedure,^ i.e., the polymer catalyst (85 or 86 ) was first titrated with a 
known excess of AgNOs solution and the excess AgNOs was back 
titrated with a standard NH 4 SCN solution using ferric alum as an 
indicator. The end point was the appearance of red brown color. From 
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the amount of AgNOa reacted with polymer anchored quaternary 
ammonium chloride the amount of chloride ions present in the polsmier 
was determined. Thus, The chloride ion content in polymer 85 was 
foimd to be 0.1 mmol/g. Similarly, the chloride ion content of polymer 
86 was found to be 0.07 mmol/g. 



Scheme 2.10 

By using catal 3 d:ic amounts of these two polymer catalysts (10 
mol% of 85 and 86), we carried out the epoxidation reaction of 
chalcone 80 imder triphasic conditions using 30% aqueous H 2 O 2 and 
LiOH.H20. In both the cases, the reaction was very clean and only one 
product was obtained. By using polymer catalyst 85, the desired 
epoxide 81 was obtained in 95% yield after 24 h in CH 2 CI 2 . The yield 
of epoxide 81 was a bit inferior (91%), when the polymer 86 was used 
as a catalyst (Scheme 2.11). Since, polymer 85 gave better result than 
86, we used polymer 85 for further investigation. Using this catalys 
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diethyl ether (98% yield, 20 h) was superior to CH2CI2 (94% yield, 20 
h), CHCI3 (50% yield, 20 h) and benzene (40% yield, 20 h). 



30% aq 


Polymer 
Catalyst 
(0.1 equiv) 


UOH.H 2 O 


CH2a2 

RT, 24 h 



Catalysts 

Yield 

85 

95% 

86 

Scheme 2.11 

91% 


The best result was obtained when 0.5 mmol of chalcone 80 
was treated with 1 ml of 30% aqueous H2O2 and 2.5 mmol of 
LiOH.H20 in the presence of 0.05 mmol of the catalyst in diethyl ether 
at RT. By using the above standard conditions a variety of a,p-enones 
could be transformed to their corresponding epoxides and the results 
are summarized in Figure 2.4.’" 



^ ’’8’^ 30 h, 8«% 28 h, 80% 


Figure 2.4 
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In almost all the cases, the reaction proceeded veiy smoothly 
and the corresponding epoxide was obtained in high yield. In the 
absence of polymer catalyst, there was no epoxidation reaction even 
after 2 days at RT. An interesting feature of this reaction is that the 
catalyst could be recovered after the reaction and reused without losing 
its activity. The recovered catalyst in the first run was dried in air for 2 
days and was used for the second run. The catalyst recovered fi-om the 
second run was dried and used for third run. The most notable 
observation was that the reuse of the same catalyst did not diminish the 
catalytic activity in the reaction (Scheme 2.12). 



Scheme 2.12 

The only drawback of the reaction was that the reaction failed 
in cases where alkyl group was attached to the ketonic group of the 
enone system. For example, substrates like 100 and 101 did not 
undergo epoxidation reaction under triphasic conditions using polymer 
catalyst 90 (Figure 2.5). This could be due to decrease of reactivity of 
P-C of enone system towards peroxide ion. 
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o 



100 i01 


Figure 2.5 

The mechanism of epoxidation reaction under triphase catalysis 
is analogous to that of classical phase-transfer catalysis. The peroxide 
anion is transported from the aqueous phase to the organic phase via 
polymer anchored phase transfer catalyst (solid phase). The epoxidation 

reaction takes place at the solid-organic interface (Scheme 2.13). 

o 

OsanicPhase ^-\+5^ + Ph^'^V^Ph ^ + Ph^=^Ph 


Solid Phase 






Boundary 


Aqueous Phase 


OOH + U 


LiOH 

+ 

H2O2 


LiOH + 




Scheme 2.13 

In order to show the applicability in organic synthesis, the 
catalyst 85 was applied for other transformation like Darzen reaction, 
Homer-Emmons reaction, C-alkylation of active methylene 
compounds, Nitro aldol reaction and hydrophosphonylation of 
aldehydes. But, unfortunately, none of the reaction gave the desired 
product under triphasic conditions using the polymer catalyst 85 
(Scheme 2.14). 
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Darzen Reaction: 



C-a»kvlatlon of activ methylene compounds: 


o o 



Nitro aldol reaction: 



+ CH3NO2 


+ 50%aqNaOH 


cat 85. CH 2 CI 2 

-X- 


RT 


NO2 


HvdroDhosDhonvIatlon: 

a CHO O 

EtO. li 

+ ^P— H+ 50%aqNaOH 

EtO 



Scheme 2.14 

Since, the epoxidation of a,p-enones is very efficient under 
triphasic conditions by using the polymer catalyst 85, we shifted our 
attention towards asymmetric version of the reaction. We prepared 
three chiral polymer anchored phase transfer catalysts 102, 103 and 104 
for asynametric epoxidation reaction. The polymer catalyst 102 was 
prepared by treating Merrifield resin with commercially available 
cinchona based phase transfer catalyst 105 in the presence of NaH and 
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TBAI (Scheme 2.15). By using Volhard method, the Cl ion content in 
the polymer catalyst 102 was found to be 0.21 mmol/g of resin. 



Scheme 2.15 


The polymer catalyst 103 was prepared as shown in the 
Scheme 2.16. First, Merrifield resin was treated with 6-chlorohexanol 
under NaH conditions to get the polymer anchored ether 106, which 
was filtered and dried. The pol)Tner 106 on treatment with 105 in the 
presence of NaH, TBAI gave the polymer 103. The chloride ion content 
of 102 was found to be 0.056 mmol of Cl/g of resin. 



103 


Scheme 2.16 

The polymer 104 was prepared by treating Menifield resin with 
(-)-spartiene in refluxing benzene (Scheme 2.17). The chloride ion 
content, in this case, was found to be 0.048 mmol of Cl/g of resin. 
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H 

(-)-sparteine 


Benzene, Reflux, 48 h 


73 



Scheme 2.17 

Unfortunately, chalcone on reaction with 30% aqueous H 2 O 2 
and LiOH-HaO in die presence of 20 mol% of 102, showed no epoxide 
formation at RT even after 3 days. Also, no epoxide formation was 
observed when 20 mol% of 104 was used (Scheme 2.18). 



Scheme 2.18 

By using the catalyst 103 only the racemic epoxide 81 was 
obtained in 15% yield after 3 days at RT (Scheme 2.19). When we 
carried out the same reaction at 0 ®C, the reaction was sluggish and no 
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epoxide foimaaon was observed. Since there was no chiral induction 
observed in aU the cases, we temporarily stopped our woik at this stage. 



15% Yield 
0%ee 


atQ°C 

above condition 


No Reaction 


Scheme 2.19 

In conclusion, we have prepared two new polymer anchored 
quaternary anunonium salt catalysts for the epoxidation of a,fJ.enones. 
A variety of chalcone derivatives could be tiansfonned to their 
conesponding epoxides under triphasic conditions. The polymer 
catalyst used was recycled and reused several times without losing its 
catalytic activity. However, polymer anchored chiral phase transfer 
catalysts failed to provide asymmetric induction. 
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2.4. Experimental Section. 

The common materials and methods have already been given in 
the experimental section of the chapter 2, Part A. Merrifield resin (0.8 
mmol of Cl/g) and (1.26 mmol of Cl/g) were obtained from Fluka. 
DABCO, TMEDA, iV-benzyl cinchoninium chloride and (-)-spartiene 
sulfate were obtained from Fluka and used as received. 

Preparation of the polymer bound quaternary ammonium salt 85. 
The Merrifield resin [0.8 mmol of Cl/gram of resin] (1.0 g, 0.8 mmol) 
was added to a solution of DABCO (180 mg, 1.6 mmol) in anhydrous 
benzene (20 mL) and the resulting suspension was heated at 80 °C for 2 
days in a sealed tube. It was filtered, washed several times with 
benzene and ether. It was dried under vacuum at 60 °C for 3 h. Yield 
1.06 g. Elemental Analysis: C, 81.69; H, 7.47; N, 1.85. 

Determination of chloride ion content of polymer 85 by Volhard 
method.^'’ A standard solution of AgNOs (0.05 N, 10 mL) was added 
to a suspension of polymer bound catalyst 85 (20O mg) in dilute HNO3 
solution (2 mL). After five minutes, toluene (2 mL) was added to it and 
the resulting suspension was stirred well for further five minutes. This 
suspension was titrated against a standard solution of NH4SCN (0.05 N) 
using ferric alum as an indicator. The end point was the appearance of 
red-brown color due to the formation of Fe(SCN)3. 

Calculations : 

Volume of standard AgN03 solution =10 mL 

Volume of standard NH4SCN solution consumed = 9.6 mL 

Therefore, volume of standard AgNOs solution consumed — 0.4 mL 
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10 mL of AgNOs solution contains 85 mg of AgNOs 

Therefore, 0.4 mL of AgNOs solution will contain 3.4 mg of AgNOj. 

1 69.87 mg of AgNOa replaces 36.5 mg of chloride ions. 

Therefore. 3.4 mg of AgNOj will replace 0.73 mg of cUoride ions 

winch means 0.73 mg of chlonde ions are present in 200 mg of the 
polymer botmd catalyst 85. 

Therefore, 1 g of polymer will contain 3.653 mg of chloride ions It 
means 1 g of polymer will contain 3.653/36.5 mmol of chloride ions. 
Thus, the chloride ion content in the polymer catalyst 85 was found to 
be 0.1 mmol per gram of resin. 

Preparation of polymer bound quaternary ammonium salt 86 The 
Merrifleld resin [0.8 mmol of Cl/gram of resin] (1.0 g, 0.8 mmol) was 
^.led to a solution of TMEDA (240 pL, 1.6 mmol) in anhydrous 
enzene (20 mL) and the resulting suspension was heated at 80 °C for 3 
tiays in a sealed mbe. It was filtered, washed several times with 
benzene and ether. It was dried under vacuum at 60 "C for 3 h. Yield 
1.03 g. Elemental analysis: C. 83.82; H, 7.59; N, 1.44. The chloride ion 
analysis was performed as mentioned above and was found to be 0.07 
mmol of chlorine per gram of resin. 

feneral procedure for the preparation of chalcones. Few drops of 
% aqueous NaOH solution was added to a solution of an aldehyde 
(U mmol) and an aryl methyl ketone (1 mmol) in ethanol (4 ml) at 
C. The reachon mhcture was warmed to rt and stirred for 24 h. It was 
kept m the refligemtor for overnight The solid fonned was filtered and 
washed with cold ethanol and reco-stallized from ethanol. 
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General procedure for epoxidation of enones. An enone (0.5 mmol) 
and 30% aqueous H 2 O 2 (1 mL) were added to a suspension of polymer 
catalyst (85 or 86 , 0.05 mmol) in ether (4 mL) and stirred for 10 
minutes. LiOH.H 20 (2.5 mmol) was then added and the reaction 
mixture was further stirred at rt till the starting material was consumed. 
It was filtered, washed with ether and lATHCl. The organic phase was 
separated and the aqueous phase was extracted with ether. The 
combined organic layer was washed with brine, dried over anhydrous 
Na 2 S 04 and concentrated. The crude material was purified by silica gel 
column chromatography to get pure epoxide. The recovered catalyst 
was dried in air for 2 days and was also reused for the reaction. 
Phenyl-(3-phenyl-oxiranyl)-methanone 81.’*'’ Yield 98%; White 
solid; mp 77-80 “C; R/ 0.60 (5% EtOAc in petroleum ether); FT IR 
(KBr) 1678 cm'*; ‘H NMR (400 MHz, CDCI3) 5 4.07 (d, J = 2.0 Hz, 
IH), 4.29 (d, y = 1.9 Hz, IH), 7.35-7.43 (m, 5H), 7.49 (t, J= 7.8 Hz, 
2H), 7.59-7.64 (m, IH), 7.99-8.05 (m, 2H). 

[3-(4-Fluoro-phenyl)-oxiranyl]-phenyl-methanone 89. Yield 85%; 
White solid; mp 87-89 °C; R/QAS (5% EtOAc in petroleum ether); FT 
IR (KBr) 1686 cm'*; *H NMR (400 MHz, CDCI3) S 3.99 (d, J = 1.7 Hz, 
IH), 4.19 (d, y = 1.7 Hz, IH), 6.99-7.05 (m, 2H), 7.25-7.29 (m, 2H), 
7.43 (t, y = 8.0 Hz), 7.53-7.58 (m, IH), 7.94 (dd, J= 8 . 6 , 1.2 Hz, 2H); 

NMR (400 MHz, CDCI 3 ) <5 58.79, 60.94, 1 15.84 (d, 22.2 Hz), 

127.51, 128.33, 128.63, 128.89, 134.08, 135.35, 163.15 (d, *ycF = 246.8 
Hz, one bond F coupling), 192.89. 
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[3-(2-Chloro-phenyI)-oxiranyl]-phenyI-methanone 907’“ Yield 9lo/„. 

Pale yellow solid; mp 69-71 °C; Rf 0.50 (10% EtOAc in petrol 
ether); FT IR (KBr) 1694 cm’*; ‘H NMR (400 MHz, CDCI3) <5 4.17 (d, 
J= 2.0 Hz, IH), 4.40 (d, J= 1.6 Hz, IH), 7.30-7.34 (m, 2H), 7.38-7.41 

(m, 2H), 7.48-7.52 (m, 2H), 7.61-7.65 (m, IH), 8.05 (d, 7 = 7.3 Hz 
2H). 


[3-(4-Chloro-phenyI)-oxiranyI]-phenyl-methanone 91.^® Yield 60%; 

White solid; mp 79-82 °C; R/0.30 (2% EtOAc in petroleum elher); FT 
IR (KBr) 1680 cm’’; ’H NMR (400 MHz, CDCI3) S 4.06 (d, J= 1.7 Hz 
IH), 4.25 (d, J= 1.9 Hz, IH), 7.30-7.32 (m, 2H), 7.36-7.39 (m, 2H), 
7.48-7.52 (m, 2H), 7.61-7.65 (m, IH), 8.01 (d,y= 7.1 Hz, 2H). 

[3-(4-Bromo-phenyl)-oxiranyl]-phenyl-methanone 92. Yield 87%; 

White solid; mp 89-91 °C; R^O.32 (5% EtOAc in petroleum ether); FT 
IR (KBr) 1658 cm"'; ‘H NMR (400 MHz. CDCI3) S 4.05 (d, 1.6 Hz. 

IH), 4.24 (d, y = 2.0 Hz. IH), 7.25 (d, y= 8.6 Hz. 2H). 7.48-7.64 (m.’ 
5H), 7.99 (m,2H); ‘^C NMR (CDCI3, 100 MHz) S 58.76, 60.85, 122.18, 
127.35, 128.35, 128.94, 131.97, 134.13, 134.55, 135.33, 192.69. 


Phenyl-(3-p-tolyl-oxiranyl)-methanone 93.^'’ Yield 77%; Pale yellow 

solid; mp 80-83 °C; 0.35 (5% EtOAc in petroleum ether); FT IR 

(KBr) 1679 cm'*; 'H NMR (400 MHz, CDCI3) 2.36 (s, 3H), 4.02 (d, J 
= 1.4 Hz, IH), 4.28 (d, J= 1.7 Hz, IH), 7.19-7.26 (m, 4H), 7.44-7.48 
(m, 2H), 7.58-7.61 (m, IH), 7.99 (d, J= 8.3 Hz, 2H). 

(3-(4-Nitro:pheiiyl)-oxiranyl]-phenyl.methanone 94. Yield 76%- 

White solid; mp 134-136 °C; R,0.40 (20% EtOAc in petroleum ether);’ 
FT IR (KBr) 1677, 1515 cm'' (asymmetric NO^ stretch), 1345 cm'* 
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(symmetric NO 2 stretch); ’H NMR (CDCI3, 400 MHz) <5 4.21 (d, J= 1.7 
Hz, IH), 4.29 (d, 7= 1.7 Hz, IH), 7.43-7.67 (m, 5H), 8.00-8.02 (m, 
2H), 8.24-8.28 (m, 2H). 

Phenyl-(3-propyl-oxiranyl)-methanone 95.^ Yield 75%; Viscous 
paste; Rf 0.50 (10 % EtOAc in petroleum ether); FT IR (film) 1690 
cm-‘; ‘H NMR (400 MHz, CDCI3) S 1.13 (t, J= 7.2 Hz, 3H), 1.36-1.44 
(m, 2H), 1.61-1.86 (m, 2H), 2.89 (dd, J= 6.8, 2.2 Hz, IH), 4.02 (d, J= 
2.0, IH), 7.40-7.44 (m, 2H), 7.52-7.56 (m, IH), 7.93-7.95 (m, 2H). 
(3-Isopropyl-oxiranyI)-phenyl-methanone 96.’’ Yield 60%; 
Colorless oil; Rf 0.55 (5% EtOAc in petroleum ether); FT IR (film) 
1694 cm-*; *H NMR (400 MHz, CDCI3) S 1.04 (d, J= 7.2 Hz, 3H), 1.13 
(d, y = 7.2 Hz, 3H), 1.69-1.85 (m, IH), 3.01 (dd, J= 6.8, 2.0 Hz, IH), 
4.02 (d, y = 2.0 Hz, IH), 7.41-7.53 (m, 2H), 7.59-7.69 (m, IH), 7.98- 
8.10 (m,2H). 

Naphthalen-2-yI-(3-phenyl-oxiranyl)-methanone 97.’® Yield 78%; 
White solid; mp 124-127 °C; R/0.45 (10% EtOAc in petroleum ether); 
FT IR (KBr) 1680 cm’*; *H NMR (400 MHz, CDCI3) S 4.14 (d, J= 1.7 
Hz, IH), 4.42 (d, y = 2.0 Hz, IH), 7.37-7.40 (m, 5H), 7.51-7.62 (m, 
2H), 7.84-7.92 (m, 3H), 8.03 (dd, J= 8.5, 1.7 Hz, IH), 8.53 (s, IH); 
NMR (100 MHz, CDCI3) <5 59.46, 60.99, 123.63, 125.84, 127.08, 
127.86, 128.56, 128.86, 129.05, 129.70, 130.42, 130.45, 132.36, 
132.81, 135.54, 135.89, 192.95. 

Naphthalen-l-yl-(3-phenyl-oxiranyl)-methanone 98.’*® Yield 88%; 
White solid; mp 76-79 °C; Rf 0.50 (10% EtOAc in petroleum ether); 
FT IR (KBr) 1679 cm'*; 'H NMR (400 MHz, CDCI3) S 4.01 (d, y = 1.7 
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Hz, IH), 4. 1 1 (d. y - 2.0 Hz. IH), 7.23-7.28 (m, 4 H), 7 . 3 1-7.48 (m 
3H). 7.71-7.76 (ni, 2H). 7.81 (d, y = 7.3 Hz. IH). 7.88 (d, y= 8.5 Hz’ 
2H), 8.56 (d, J= 8.5 Hz, IH). 

(4-Bromo-phenylH3-phenyI-oxiranyl)-inethanone 997^^ Yield 80% 

White solid; mp 92-94 °C; R,0J4 (5% EtOAc in petroleum ether); FT 
IR (KBr) 1678 cm'*; 'H NMR (400 MHz, CDCh) 6 4.07 (d, J= 2.0 Hz, 
IH), 4.22 (d, J= 2.0 Hz, IH), 7.34-7.43 (m, 5H), 7.61-7.66 (m, 2H), 
7.86-7.90 (m, 2H); '^C NMR (100 MHz, CDCI 3 ) <5 59.38, 61.05, ^25.6,’ 
128.80, 129.16, 129.39, 129.85, 132.23, 134.07, 135.21, 192.27. 
Preparation of polymer bound quaternary ammonium salt 102. A 
solution of AT-benzyl cinchoninium chloride (198 mg. 0.44 mmol) in 
anhydrous DMF (5 mL) was added drop-wise to a suspension of NaH 
[60% suspension in mineral oil] (32 mg. 0.08 mmol) and THAI (15 mg, 
0.04 mmol) in anhydrous DMF (15 mL) at 0 °C. After being stirred for 
10 minutes, the reaction mixture was warmed to rt and Merrifield resin 
[ 0.8 mmol of Cl/gram of resin] (500 mg, 0.4 mmol) was added portion 
wise to it. The reaction mixture was further stirred for 24 h at rt. It was 
quenched with NH 4 CI solution, then filtered and washed with 

DMF, water, DMF-water mixture, THF and finally with ether. The 
polymer thus obtained 102 was dried under vacuum at 60 °C for 3 h. 
Yield 509 mg. The chlonde ion content was found to be 0.21 mmol per 
gram of resin. Elemental analysis: C, 82.82; H, 7.78; N, 2.44 

Preparation of polymer bound quaternary ammonium salt 103. 
This involved 2 steps. 
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Preparation of 106: 

6-Chlorohexanol (258 mg, 1.89 mmol) was added drop-wise to a 
suspension of NaH [60% suspertsion in mineral oil] (100 mg, 2.52 
mmol) and TBAI (47 mg, 0.13 mmol) in anhydrous DMF (25 ml. ) at 
0°C. After being stirred for 15 minutes, die reaction mixture was 
warmed to rt and Merrifield resin [1.26 mmol of Cl/g of resin] (Ig, 1.26 
mmol) was added portion wise to it. The resulting heterogeneous 
suspension was stirred at rt for additional 24 h. It was quenched with 
aqueous NH4CI solution and filtered. The polymer 106 was then 
washed with DMF, water, DMF-water mixture, THF and finally with 
ether. The pol5Tner was then dried under vacuum at 60 °C for 3 h. Yield 
1. 13 g. it was used directly for the next step. 

Preparation of 103: 

A solution of A-benzyl cinchoninium chloride (636 mg, 1.51 mmol) in 
anhydrous DMF (5 mL) was added drop-wise to a suspension of NaH 
[60% suspension in mineral oil] (151 mg, 3.78 mmol) and TBAI (47 
mg, 0.126 mmol) in anhydrous DMF (15 mL) at 0 °C. After being 
stirred for 10 minutes, the reaction mixture was warmed to rt and resin 
106 [we assumed it contains 1.26 mmol of Cl/g of resin] (1.13 g, 1.26 
mmol) was added portion wise to it. The reaction mixture was furflier 
stirred for 24 h at rt. It was quenched with aqueous NH4CI solution, 
then filtered and washed with DMF, water, DMF-water mixture, THF 
and finally with ether. The polymer was then dried under vacuum at 60 
°C for 3 h. Yield 1.15 g. The chloride ion content was found to be 
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0.056 mmol per gram of resin. Elemental analysis: C, 84.82; H, 7 62- 
N, 1.01. ’ > • > 

Preparation of polymer bound quaternary ammonium salt 104. The 
Memfield resin [0.8 mmol of Cl/gram of reasin] (1 g, 0.8 mmol) was 
added to a solution of (-)-sparteine (380 mg, 1.6 mmol) in anhydrous 
benzene (20 mL) and the resulting suspension was heated at 80 °C for 3 
days in a sealed tube. It was filtered, washed several times with 
benzene and ether. It was dried under vacuum at 60 °C for 3 h. Yield 
1.09 g. The chloride ion analysis was performed as mentioned above 
and was found to be 0.048 mmol of chlorine per gram of resin. 
Elemental analysis: C, 81.62; H, 8.06; N, 1.02. 
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